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FOREWORD

This report was prepared by the members of the Technical Committee
based on the opinions expressed and on the information available at the time
of the meeting.

It should be recognised, however, that some developments and new
Formulations have emerged since then and are not necessarily reflected in this
report.

lo consolidate the state-of-the-art knowledge and the international
experience in this field and to provide guidance to Member States on the "Role
and Use of PSA and PSC in IMPP Safety", a. document is being prepared for
publication in the IAEA Safety Series.

This Tt'COOC is being used as reference material for the development
of the above referred guideline.

Complementary to this, a number of additional publications are also
under preparation for publication in the IAEA Safety Series on recognized
practises for the conduct of PSA and on specific elements of PSA such as
common cause failures, human errors and external hazards.



EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency
have mounted and paginated the original manuscripts as submitted by the authors and given
some attention to the presentation.

The views expressed in the papers, the statements made and the general style adopted are
the responsibility of the named authors. The views do not necessarily reflect those of the govern-
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EXECUTIVE SUMMARY

With the increasing use of Probabilistic Safety Analysis many IAEA
Member States are exploring or are already using Probabilistic Safety Criteria
(PSC), The volume I of this report has given a general overview of such
criteria at the level of public health and at the plant level. Based on the
volume I report the International Nuclear Safety Advisory Group (IWSAG) felt
that it would be useful to explore in more detail Probabilistic Safety
Criteria at. the safety function/system level.

Therefore a Technical Committee Meeting was held in Vienna,
Austria, from 26-30 3anuary 1987. The objectives of the meeting were

a) to review the national developments of PSC at the level of safety
functions/systems including future trends;

b) to analyse basic principles, assumptions, and objectives;
c) to compare numerical values and the rationale for choosing them;
d) to compile the experience with use of such PSC;
e) to analyse the role of uncertainties in particular regarding

procedures for showing compliance.
The general objective of establishing PSC at the level of safety

functions/systems is to provide a pragmatic tool to evaluate plant safety
which is placing emphasis on the prevention principle. Such criteria could
thus lead to a better understanding of the importance to safety of the various
functions which have to be performed to ensure the safety of the plant, and
the engineering means of performing these functions. They would reflect the
state-of-the-art in modern PSAs and could contribute to a balance in system
design.

This report, prepared by the participants of the meeting, reviews
the current status and future trends in the field and should assist Member
States in developing their national approaches. The draft of this document
was also submitted to IWSAG to be considered in its work to prepare a document
on safety principles for nuclear power plants.

Next page(s) left blank



1. INTRODUCTION

l. l PSC and _the_ TA EA saf e t y programmo

The IAEA Board of Governors has recently decided to expand the
Agency's activities in radiation protection and nuclear safety. For
substantiating its decision, the Board has requested that an expert group
should consider additional measures to improve co-operation in the field of
nuclear safety. In particular that group was requested to advise on the
relative priorities of the supplementary activities that the Agency should
perform The group decided that the governing priority of the Agency work
should be to improve the means for reducing the likelihood of accidents with
potential radiological consequences. Moreover, a high priority has been
assigned to the activities on probabilistic safety analysis (PSA). The group
also concluded that the promotion of a common safety culture should be
strongly encouraged by the IAF.A, since the Agency is in a position to be the
unique forum in which safety experts belonging to different cultures can meet
in order to discuss a common safety language and even common safety principles
and criteria.

Considering the progress made in PSA over the past decade it seems
to be desirable that such safety principles would also include probabilistic
considerations. One way of achieving this is to develop "probabilistic safety
criteria" (PSC). By PSC a set of quantitative criteria is meant against which
the safety of a plant can be judged using probabilistic methodologies, both at
the public health level and at the engineered safety features level. It is
still a subject of discussion which would be the appropriate form of PSC and
how PSC are to be integrated into the current set of nuclear codes and
regulations. Caution has been expressed and there is a feeling that an
unanimously accepted position on this topic would be difficult to achieve in
view of the wide range of opinions, maturity of presently available
methodologies and practical experiences, the potential impact on regulatory
issues, and difficulty to show compliance,

At the 2nd CWSAG meeting the IAEA was asked to prepare a status
report with particular attention to the area thought by INSAG likely to be
most fruitful, namely PSC at the safety function/system level.

The work of the Technical Committee on Probabilistic Safety
Criteria at the Safety Function/Systems Levels - which is reflected in this
report - should be viewed under the above general framework.

The genesis of this Committee can be found in the Technical
Committee Meeting on Status, Experience and Future Prospects for the
Development of Probabilistic Safety Criteria [1]. The report from that
Committee was submitted to IWSAG who requested that a group of experts be
convened to survey the field of probabilistic safety criteria at the safety
function/system level. Thus, the main purpose of the report is to compile and
review the situation regarding such PSC in Member States, to analyse the basic
underlying principles, to compare the definitions of functions and systems,
and to compile the numerical approaches.



l,2 Background
The principle approach to nuclear safety at present is based on

deterministic techniques which, depending on the Member State, are
complemented to a varying degree by probabilistic considerations.
Deterministic techniques are based on engineering principles to ensure safety,
including such principles as redundancy, diversity, defence in depth,
fail-safe, etc. In addition a set of design basis events are considered
against which the plant has to be designed. The probabilistic approach
provides the means to analyse the degree of balance in the design and also to
consider accident sequences beyond the set of design basis accidents, i.e. the
remaining risk.

But a clear distinction between the deterministic and probabilistic
approaches cannot be reasonably made. Practical application of deterministic
design principles cannot be performed without probabilistic judgements. Such
judgements are, however, mostly qualitative. Deterministic techniques do
really have a clear support in "engineering principles" that have an implicit
idea of reducing the probability of failure as a means to ensure safety.

Possible examples are:
a) design against single failure criteria;

b) design against the super-position of different incidents;
c) cut off criteria for design loads;

d) requirement for diversity in safety systems; clear examples are
turbine driven pumps plus electricity driven pumps; onsite plus
offsite electrical supplies;

e) requirements on testing intervals to ensure reliability;
f) no credit given for operator actions in an explicit time interval

after an accident;
g) more stringent requirements for safety systems with a higher number

of demands (for instance, RPS);
h) spatial and functional separation criteria to minimize probability

of common cause failures;
i) different design criteria as a function of the event category

(anticipated transients, infrequent transients, accidents), based
on probability of occurrence;

j) effective reduction of the probability of unsafe occurrences
obtained through consideration of the aspects of the systems
susceptible of being improved, on the basis of reducing the risk to
a level as low as reasonably practicable.

Moreover, the basic tool of the "defence-in-depth" concept, the
protection by successive independent barriers, serves to implement the idea of
reducing the probability of severe consequences.

During the past years, it has been progressively understood that
deterministic approaches should be supplemented by probabilistic techniques,
because deterministic principles per se do not exclude the possibility of
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severe accidents, not considered in the design, whose level of probability and
corresponding consequences may not be acceptable from the point of view of
risk considerations.

Since the early 1970s Member States make increasing use of
probabilistic approaches in reactor safety. The use of this tool as a
comprehensive and unified mode] of accidents, that the plant might experience,
is unquestionable. Tn spite of some limitations and deficiencies PSA is used
for ctssessing safety in design, operdtion and licensing of nuclear power
plants. The practical purposes and the scope of the model may differ in
various countries.

In some countries some restricted analysis is made, relating to a
single accident sequence or a certain number of accident sequences. Few
countries have performed or are going to perform PSA of full scope including
containment failure, releases outside containment and related off-site
consequences.

Experience in PSA application accelerate in some way the
development and the use of PSC, however, it is not the only factor that has
some influence on practical approaches in the area of PSC.

For various reasons, some countries did not develop specific PSC
that could be used for safety related decisions at the safety function/system
Invel, Rather, probabilities of consequences, defined at a higher level
(serious core damage, particular core-melt sequence of events, etc.), are
considered to eliminate main risk contributors. This use of PSA for safety
function/system level decisions does not require explicit PSC.

In other countries advanced in nuclear technology and experienced
in PSA applications, certain sets numbers of numerical PSC are developed or
are discussed for safety decisions at the level of accident sequences, safety
functions or safety related systems. These PSC are often used only as
guidelines or targets, but some countries use them also as limits. In some
countries there are legal requirements for the use of such criteria as a
licensing regulation.

In the case of countries that have nuclear power programmes, which
are however not very advanced in practical application of PSA methodology, the
use of PSC is usually limited. In some countries basic concepts of PSC and
their possible use are being considered, some countries are only monitoring
the developments in this area for possible future use.

Most Member States use system reliability analysis in the nuclear
industry. This creates some background for use of PSC at the systems level.
In many cases reliability analysis of safety related systems is included in
safety analysis reports as an additional tool for proving adequacy of safety
systems design. If appropriate probabilistic criteria do not exist,
comparison with reliability characteristics obtained in other countries for
similar systems is made. There are many examples of such practice in Member
States.
1.3 Interest in PSC at the safety functjon/j>yj>tern level

One of the primary reasons for the increased interest in PSC at all
levels of assessment is the increased use of PSA in the evaluation of the
safety of nuclear power plants. For example, the United States has recently
promulgated top level safety goals for nuclear power plants which specify
limits in terms of the risk of death from accidents (see e.g. Chapter 5).
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Interest in PSC at the safety function/system level is inspired by
recent progress in the development of such criteria in some countries. Tt is
useful to explore whether it is possible to develop a common understanding and
approach to translate top level safety goals into PSC at the safety
function/system level and vice versa. Furthermore, both the designers and
operators of nuclear power plants need to have a methodology for, and an
understanding of, the development and use of PSC at the safety function/system
level, even if top level goals do not exist. This will help to achieve an
optimum balance between reliability, safety, and economics.

There is a need to examine and compare these developments such that
all countries may benefit from this experience, and also to promote a coherent
and consistent approach. Different approaches have been considered so far
The approaches are still being debated. It is evident that the development of
PSC is difficult and controversial. There is thus a need to examine the
subject in some detail,
1,4 Scope of the report

Whereas Volume 1 gives an overview of PSC at all levels, this
Volume II gives a status report on PSC at the safety function/system level.
Safety functions and systems and their interconnections are described in
Chapter 2. Chapter 3 explores the reasons for the interest in PSC for safety
functions and/or systems and describes the various approaches which could be
utilized to derive PSC at this level, surveys areas of possible use and
discusses their implications. The different approaches are then analysed in
more detail in Chapter 4. Chapter 5 gives the status of use of safety
function/system PSC in those Member States which were represented at the
Technical Committee Meeting and also indicates likely future developments.
Areas which need to be explored in the future are highlighted in Chapter 6.
The report is complemented by the papers presented during the meeting. Thus
the objective of this report in connection with Volume I is to reflect the
present status of PSC. Tt is not the objective to make recommendations which
type of PSC would be most suitable nor which numerical values would be
appropriate.
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2. CONCEPT OF SAFETY FUNCTIONS/SYSTEMS

2.1 Hierarchy of .safety concerns
In considering the distinction between safety function and safety

system, it is useful to consider the hierarchy which flows from concerns about
plant safety to the safety system requirements. The concerns for plant safety
are identified for the possible accident sequences started by some initiating
event which disturbs the normal operational mode of the plant. Following the
initiating event, safety furic L ions are required to terminate the progression
of the disturbance before it results in damage to the core. These functions
are provided for severe accident prevention, ft second group of functions is
generally provided to mitigate the consequences of the accident in the event
that the prevention functions are not successful in preventing core damage.
These are functions to ensure that severe accidents do not inevitably lead to
significant and uncontrollable radioactive releases outside the site
boundary. One has to keep in mind that mitigation functions are also needed
for loss of coolant accidents, which are coped with as far as the coolability
of the core is concerned. For each prevention and mitigating function, safety
systems are required, and reliability goals for these systems may be
established by the approaches described in Chapter 3. The concepts of safety
functions and safety systems are developed further in Sections 2.2 and 2.3
following.

2. ? Safety functions
The safety functions which will be required following a specific

inititating event or fault sequence will depend on the fault sequence, on the
general type of nuclear plant and on the particular design of the plant. The
concept is described in Safety Series no. 50-SG-D1 and referred to in
5Ö-SG-D11 [2].

Fach safety function is a necessary but not sufficent condition to
ensure one or more overall safety objectives, which may be to avoid severe
core damage or to prevent a significant release of radioactivity. For a given
fault sequence on a given plant, a set of safety functions can be identified
such that the successful performance of that set of safety functions is a
sufficient condition for ensuring the overall safety objectives. This set of
safety functions can be seen in PSA appearing, for example, as the headings on
an event tree or at the first branching from the top event on a fault tree.

The main safety functions to be considered are usually:
- reactor shutdown
- core cooling
- residual heat removal
- maintaining pressure circuit integrity
- maintaining containment integrity
- retention of fission products and control of

radioactive releases

These main functions are often subdivided, for example to cover
different time periods in a fault sequence. A much larger list is given in
50-SG-D1. Even the main functions mentioned above are, however, not always
applicable. Some reactor types, for example, do not have a separate
containment as such.
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The complete set of safety functions required to cope with all the
relevant initiating events on a particular plant may be ranked in order of
importance (see 50-SG-D1, Section 3) by considering the consequences of
failure of a function and the frequency that it would be required. The
relative importance of functions that are often derived from quantified PSA by
importance measure may be helpful in formulating such a ranking. Tt should be
noted, however, that the relative priority of the various safety functions may
be strongly dependent on the particular plant design and also on the specific
safety requirements adopted. For example, one plant may have sufficient
inherent characteristics to avoid core damage even if reactor shutdown is not
achieved. On the other hand, it may be that a return to power, albeit low
power, is not regarded as acceptable, whether or not core damage is predicted.

In addition it has to be noted that the relative priority ranking
of safety functions is also dependent on the methodology used to define the
importance measure for meeting some higher levé] objectives.

2. 3 Safety systems
Safety systems are provided to perform the safety functions

described in Z.2. Usually, the safety system consists of a front line system
as well as several sub-systems all of which are generally necessary for
successful accomplishment of the safety function. The front line system is
the system which interfaces directly with the reactor system. Sub-aysterns are
provided which interface with the front line system. These sub-systems
include the following:
- Support sub-systems - These sub-systems provide essential support

to the front line systems. This support includes, where required,
energy supply, component cooling, lubrication, power fluid supply,
and room cooling. These systems have been found in PSAs to be
important elements in influencing front line system failure, and
can also be sources of common cause failure if their support
function is shared among more than one front line system
Actuation sub-systems - These sub-systems detect the occurrence of
an abnormal plant condition, and provide commands to the front line
system to commence and control operation. These sub-systems may
also require support systems,

- Monitoring sub-systems - These sub—systems measure the operating
performance of the front line and support systems, and provide an
indication in the control room of the operational status after the
systems are actuated. While these sub-systems are not always
essential for the successful operation of the systems which they
monitor, they become important when human interaction is
considered. These systems can provide information to the operator
to allow for repair or recovery of a system which fails during
operation.
In quantifying system reliability to satisfy probabilistic safety

criteria, it is important that several aspects be considered. In previous PSA
evaluations, these aspects have sometimes been inconsistently evaluated or
ignored entirely. The more important of these aspects are as follows:

- Common cause failures - common cause failures are important
contributors to loss of a safety function. Sometimes these types
of failures involve subtle relationships among safety systems and
are therefore difficult to discover and evaluate.
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- Human factors - nuclear plant accident experience has illustrated
that human interactions can be important contributors to the
successful operation of safety systems. These human interactions
can be either detrimental to the successful operation of the
system, or beneficial in the case of recovery or repair of the
system.
System classification — it may be important that a concise and
standard system classification structure be established and used.
This classification structure would clearly identify which systems
and system performance criteria were essential to the successful
performance of a particular safety function. Confusion now exists
regarding the meaning of various classifications being used. For
example, "safety system", "safety related system", "system
important to safety", and "safety support system" do not always
have concise definitions. Also such terms are often used with
different meanings in different Member States and for different
reactor types.

- Operational control systems - there are systems which can be used
to perform a safety function but which may not be classified or
normally used as a safety system. An example would be the power
conversion system. This system is normally used to convert power
from the core to electrical energy. However, this system can also
be configured to provide a decay heat removal function in the event
of an accident. It is important to point out whether or not these
systems are considered when performing safety function reliability
analysis.

- Limitation systems - In some reactors a concept of defense—in-depth
with respect to reactor protection has been installed. This
concept is characterised by a hierarchical structure of operating
control systems, limitation systems and the protection systems.
Limitation systems take priority over operating controls and
precede the protective actions of safety systems. There are two
different types of limitation measures:
- condition limitation
- protection limitation
The first one ensures that process values do not exceed the limits
specified in safety analysis. The other is designed for counter
measures, for example power set back for specified events.
Limitation systems are safety graded. Actions of limitation
systems can only be overridden by actions of the safety control
systems. Again, it should be stated whether or not these systems
are taken into account in the analysis.
The preceding discussion in this section emphasizes the need to

carefully specify system boundaries in PSA related efforts. These boundaries
include physical, operational, and human interaction considerations.
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3. PSC AT THE SAFETY FUNCTION/SYSTEM LEVEL:
APPROACHES AND CONCEPTS

3.1 Main approaches

Different countries have different conditions for development and
use of nuclear power. These differences, and also differences in historical
development lead to a considerable variety in development and use of
probabilistic criteria at the safety function or system level. However, it is
possible to identify two or three main approaches (see also chapter 4.3).

The first approach can be described as "Related to Safety Goals" as
it tries to derive the probabilistic safety criteria at the safety
function/system level from safety goals at the plant level or the public
health level, which are usually expressed in terms of core melt frequency or
human risk.

The second approach can be described as "Derived from Status Quo"
and is based on a comparison with systems in existing plants which have been
accepted as "safe" designs, based on good engineering practice and judgement,
although not derived from any higher probabilistic safety criteria or risk
index. Such criteria are supplemented by overall limitations on what is
believed to be reasonable or capable of demonstration. For instance, criteria
or guidelines on common cause failure are based on the data and methodology
which exists at the present time to evaluate the likely effects of such
failures and on reliability figures which can be achieved by present safety
technology. Similarly this applies to issues of operator error or operator
recovery actions. One might reasonably expect that guidelines in this type of
area will change as our knowledge and analysis capabilities improve.

Application of probabilistic safety analysis to present nuclear
power plants has led to a development of a third approach which can be
described as "elimination of outliers". When results of a probabilistic
safety analysis are reviewed, it is often possible to identify weak points in
the plant design, for instance, a few systems, or rather sub-systems,
interfaces between various systems, operator action requirements or parts,
which are the main contributors to possible severe accidents (e.g., to the
core melt frequency and/or to failure of containment isolation). It is
obvious that those "outliers" are prime targets if improvements are desired.
The decision as to whether proposed improvements should be implemented is
often based on the desire to achieve a "balanced safety concept".

3.2 Weed
There is a divergence of opinions on the need and use of

probabilistic safety criteria at the safety function or system level.
However, an examination of these divergences reveals a possibility to define
two approaches as identified in 3.1,

If the first approach ("Related to Safety Goals") is accepted a
prior definition of PSC (e.g. by a standard or a guide) is not needed, as the
criteria (or requirements) are established through an apportionment process.
Depending in the organization of the nuclear industry in a particular country,
the numerical characteristics obtained through apportionment may have a
character of internal design requirements, contractual specifications, or a
licensing criterion. However, these requirements (criteria) should be defined
in a form usable for monitoring of operational performance.
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It should, however, be kept in mind that this methodology for
allocating reliability to various reactor systems, sub-systems, etc.,
consistent with the set of global safety objectives has its natural
limitations in the present state-of-the-art of the methodology (see e.g.
Chapter 4).

If the other approach, ("Derived from Status Quo"), is used, a
prior definition of PSC by a standard or a guide is needed as a quantified
guidance on good engineering practice. However, it should be kept in mind
that this approach has its own pitfalls. PSC at the safety function/system
level will obviously depend on the type of the reactor. But even for the same
type of reactor, the values of PSC will depend on various factors (e.g. siting
of the reactors, reliability of the outside electrical grid, seismic zone,
etc.). In this context standardization of PSC may be useful, but only as a
general guidance, otherwise it may result in wrong conclusions.

The fundamental question is how to structure PSC. The structure
should reflert the strengths and weaknesses of PSA techniques. It should, in
addition, stress PSA techniques as a tool to provide additional perspectives
to traditional safety assessments.

The value of PSA derives from the insights which it gives to safety
and for its identification of plant design and operational vulnerabilities and
its role as a safety management tool. It is particularly in this last area,
namely safety management, that PSC at the safety function and/or system level
are useful. PSC will stimulate the application of probabilistic techniques.
In this way the benefits from PSA techniques will better be exploited. The
existence of a set of probabilistic criteria, from those relating to more
overall safety aspects of the plant down to those which are specific to
components, could in fact constitute a workable safety management framework
for nuclear power plants

The different needs of designers, operators and regulators in this
area should be recognised. If there are general safety indices that provide
an easily understandable quantification of acceptable risk, then top-level
(overall) safety goals and criteria may be sufficient for the needs of
regulatory autorities. The question of how to satisfy these top-level
criteria would not then necessarily be a regulatory function. (Obviously this
could not apply to countries which have not adopted such top-level criteria).
However, top-level criteria do not apply directly to the design and operation
of the plant. Furthermore, they do not emphasi?e that the prevention
principle is a primary issue of nuclear safety, and more specific
probabilistic criteria are useful tools for this purpose. These should relate
to the functions which have to be performed to ensure the safety of the plant,
and the engineering means of performing these functions.

The existence of criteria for safety functions and/or systems could
also lead to a better understanding of the importance to safety of the various
systems and components, and contribute to cost-effective design and
improvements.

Important aspects in the justification for these criteria at the
safety function and/or system level are furthermore:

- They reflect the state-of-the-art in development of modern PSA
which tend to be structured so as to give the reliabilities of
systems in performing specific functions. They can therefore be
calibrated by the large variety of quantitative PSA-results now
available.
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They address issues which are technically complex and which
cannot be easily evaluated by other means. They will help to
prevent lack of balance in system design.

They are effective for broad classes of accident sequences and
thus have an overall impact on nuclear safety.
They focus on two main principles in reactor safety technology,
namely 'defense-in-depth' and the avoidance of damage by putting
emphasis on preventive measures.

3.3 Some problems
It is still a matter of discussion which approach should be

followed. There is desire among both the regulators and practitioners to
achieve a uniform approach. In spite of this it cannot be overlooked that
there are strong factors opposing this tendency towards unification and many
difficulties remain to be overcome.

Many experts in the field of PSA agree that it would be desirable
to take the first approach ("Related to Safety Goals"), because it is logical
and inherently consistent. However, a substantial fraction of these experts
take the view that, given the present state-of-the-art and maturity of
methodologies, it is not practicable to do so. This latter concern is held
especially strongly in the case of higher level criteria being formulated as
limits or upper bounds rather than goals or objectives. Hence, the second
approach ("Derived from Status Quo") and the third approach ("Elimination of
Outliers") are often considered to be more practical than the first.

The use of probabilities for evaluating the safety of a nuclear
power plant and for taking decisions on this matter presents some practical
problems which need to be solved for a successful implementation of the
methods.

One of the obstacles in establishing PSC is historical inertia,
Most of the nuclear power plants to which probabilistic criteria could be
applied have been completed, or at least designed. It is therefore impossible
to disregard the characteristics of the present systems. Also, in order to
ensure continuity and consistency of regulatory decisions, older standards and
regulations and past practices cannot be simply discarded.

However, current experience has shown that weak points in present
plant designs could be eliminated by minor system modifications based on a
pragmatic case-by-case approach.

Some problems can be viewed as being of a legal—technical nature
and they are not easy to solve under the mainly deterministic legal framework
existing in many areas of the world.

There are many uncertainties involved in the assessment processes.
The consequent lack of confidence in the result could be reflected either in
the degree of conservatism to be used in establishing the relevant objective
or when comparing the results with the objectives.

Given the uncertainties of analytical probabilistic methods,
extremely low frequencies are always to be looked at with great caution. This
is always the case when very remote accident scenarios have to be considered.
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Many experts expressed the view that in such situations the limitations of
present knowledge becomes evident. PSC are thus used, if at all, in a process
in which conventional approaches retain their dominant and continuing role.

Currently, there are no standardized tools available for performing
probabilistic assessment. Experience in a benchmark-exercise has shown that
large variations in the results can be obtained for the same situations if the
boundary conditions for the analysis are not specified in sufficient detail,
i.e. system performance criteria components and system boundaries, modelling,
data base, timing of operator intervention, use of conservative or best
estimate plant transient calculations, allowance for degraded equipment
failure, etc. This may produce the undesired situation that two analyses
might show either compliance or non-compliance with a defined objective. One
solution for this problem seems to be the development of standardised analysis
procedures in parallel with the establishment of probabilistic safety
criteria, arid to incorporate thorn into the relevant regulations. This,
however, would run counter to the philosophy in some countries which adopt a
non-prescriptive approach. Another solution would be to call in expert
organisations or institutions which would perform the authoritative risk
determinations.

Another problem is that of the measurability and accountability.
For exposures expected to occur with a probability of unity, the quantity
called "effective dose equivalent" was established by the IAEA standards as an
indirect measure of the risk incurred by exposed people. Such quantity is
"measurable", although via other related physical quantitites and various
assumptions and hypotheses, and therefore can be accounted for in relevant
records with legal status. The situation is rather different for exposures
expected to occur with a probability lower than one: such a "measurable" and
"accountable" quantity does not exist. The probability of the exposure or the
combination of probability and dose cannot be "measured" in the instrumental
sense and may not be accepted as quantities for record purposes. A posteriori
compliance would not therefore be "demonstrable". This undesirable situation
will also apply to the reliability at the safety function/system level
although to a lesser extent since these can be modelled with a greater degree
of confidence and can be partially tested during plant operation.
3 , 4 tlain applications

The applications and uses of PSC at the safety function/system
level (SF/S) can be divided into two general phases; preoperational and
operational. The use of PSC (SF/S) assumes a different role in these two
phases, and they will be considered separately as follows:

3•4•1 Preoperat ignal phase
In the design phase there are examples where PSC (SF/S) are used as

a guide to the designer to help establish requirements for system redundancy
and diversity, and to identify quantitative reliability goals for system
components. They can also be used by the regulator in performing evaluations
of system design adequacy e.arly in the design process. It may be used for
apportioning and optimizing reliability requirements among systems, based on
translation of functional requirements to the system level. This approach is
most straightforward when higher level safety goals have been specified.

In the evaluation of the adequacy or acceptability of the results
of reliability analysis for a particular plant it is necessary to have
guidance on the "state of the art" with respect, in particular, to the
difficult areas of reliability assessment. This guidance is based on the
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current understanding of what are reasonable requirements for safety system
reliability and what are practical limitations on aspects of reliability that
can be demonstrated. In this way the criteria/targets/guidelines ensure that
the plant safety analysis does not assume levels of reliability which are
unrealistic given our current state of knowledge and analytical capability.
Particular examples may be the failure rates of individual components, the
limits on the reliability of redundant systems due to common cause failure,
the reliability of operator actions, the reliability of computer software, etc

However, while the use of such guidelines provide a useful basis
for the evaluation of reliability claims, there must always be additional
requirements for safety system design, in particular requirement to reduce
risks as far as reasonably practical or requirement s which indicate tho
advisability of including some design features even though the numerical
reliability analysis cannot adequately reflect their effect

3.4,2 Operational phase
Use of PSC (ST/S) during the operational phase cars be effective in

several areas. For example, reliability performance of systems can be
monitored during testing to help verify that reliability goals are being
achieved. PSC (SF/S) can also be used to evaluate the need for, or to rank
the safety relevance of, proposed modifications or backfits to improve safety
based on available operating experience. A further possible use is the
application of PSC (SF/S) in improving technical specifications and limiting
conditions for operation. En this use, PSC (SF/S) can optimize system and
component test intervals, maintenance procedures, and requirements for plant
operation when systems and components are out of service.

PSC (SF/S) can also be used to help verify predictions from the
design phase. This may be done by continuously updating the reliability
models as actual system test data become available.
3 .5 Best versus conservative estimate

PSC (SF/S) can be used in two general contexts, best estimate and
conservative. For operational aspects discussed in Section 3.4.2, it is
generally important to use the best estimate approach. This approach is also
appropriate when using PSC (SF/S) in establishing and evaluating research
projects related to obtaining information on system and component reliability
and performance. The conservative approach is generally more appropriate for
licensing considerations and other legal forums related to plant design and
operation. However, it should be noted that, in general, it may not be
obvious which assumptions lead to a conservative analysis and which do not.
This requires in general the in--depth analysis based on advanced analytical
tools, which is still a major topic of recent research activities.

The concepts disussed in this chapter are elaborated further in
Chapter 4.
3.6 Compliance

An important part of the use of PSC is the demonstration of
compliance between numerical objectives and the failure probability of the
respective safety functions. There are several different approaches to this
issue which are briefly noted in (a), (b) and (c) below.
a) The rules guiding the analyses should be given in a. specific and

prescriptive manner to the analyst, (This is not done in all
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countries and some experts disagree) This means that the data
analysis, common cause failure analysis and uncertainty analysis
must be done in a "professional" way. The demonstration of the
compliance between the objectives and estimates presumes that a
certain "confidence level" has to be used. This is mainly caused
by the fact that the analysis contains usually large uncertainties,
that the analyst has to use a surrogate data base or that only
generic distributions are available.

b) A major issue is that the sensitivity of the probabilistic
evaluations to likely changes in quantitative and qualitative
assumptions in the analysis must be recognised. If the evaluation
is shown to be very sensitive to individual aspects which are
significantly uncertain then action to reduce the uncertainty is
probably necessary.

At the stage of accident event sequences leading to severe core
damage it may be possible to consider that the state-of-the-art
seems to be sufficiently mature, physical and phenomenological
uncertainties are not dominant, and that therefore the setting of
target values is useful policy. For later stages in core damage
accidents, including assessment of consequences, the uncertainties
due to the* complexity of model J ing and lack of fundamental
knowledge make numerical targets very difficult to use.

c) The still unresolved matter of uncertainties as well as the basic
philosophy of the probabilistic techniques make the use of formal
criteria somewhat as a counter-sense, even when limited to core
melt frequency.
These questions are discussed in more detail in Chapter 4.5 below.
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4. METHODOLOGIES AND RATIONALE

A. 1 Definitions of Terms
For the purposes of Section 4 the following terms and concepts have

been used:
l SAFL1Y OBJ LIT! JVC-

A general intention, something towards which we strive to move.
It is qualitative in nature. Examples:

a) Keep core reactivity under control;
b) Keep reactor core undamaged;
c) Avoid large uncontrollable radioactivity releases;
d) Avoid adverse health effects.

2. SAFUY 1WOECES:

Attributes that measure in some numerical scale the degree of
assurance in satisfying a. safety objective. It is quantitative
in nature. Examples;
a) Probability of failure to control core reactivity;
b) Frequency of core damage;
c) Amount and energy of radionuclides released;
d) Acute and/or latent fatalities,

3. SAFL1Y GOALS OR PROBABILISTIC SAFE1Y CRITERIA:

Specific numerical values of safety indices that represent
targets to be reached or limits not to be exceeded. Examples:
a) 10~u failure probability of reactivity control function

(per demand)
b) 10~ V core damage frequency per year of reactor operation
c) 10~f frequency per year of 10* Bq of a specified

release of activity
d) 1Q-P frequency per year of significant detrimental health

effects for an individual belonging to the general public

e) I0"m frequency per year of z acute fatalities,
10-n frequency per year of w latent fatalities,

4. HIGH-LEVEL OBJECTIVE (INDEX, GOAL, PSC) :
An objective (index, goal, PSC) referring to a general or global
characteristic of nuclear power plant performance. They usually
refer to core damage, large radioactivity release, acute or
latent fatalities and other health effects.

5. LOW-LEVEL OBJECTIVE (INDEX, GOAL, PSC):
An objective (index, goal, PSC) referring to a more specific
characteristic of nuclear power plant performance, subordinate to
one or more higher-level characteristic. Usually refers to
function/system/component performance,
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Through PSA modelling, top- level safety indices are expressed as
functions of lower-level safety indices.

The safety indices referring to core damage, radioactivity release and
health effects are also called by some authors "risk indices".

4.2 Objectives
The objective of PSC at al] levels is to provide a basis for assessing

the safety of a plant with probabilistic methodologies. At the function and
system level, a direct measure of overall safety (e.g. risk to the public or
probability of core melt) is not explicit in the PSC. ft set of probabilistic
safety criteria at the safety function and/or system level aims at providing
guidance for designers and operators of plants as well as regulators in a
number of areas, for example:
ft) During the Brej-̂ jr2aiion_al_jpha_se including de^igjn, sj.ti.ng and licensing;

The aim of having specific probabilistic criteria against which to
design safety functions and/or systems is to lead to s. more efficient
way for designing safe and economic plants and possibly shorten the
time required for licensing.

B) During the operating phase; ft set of PSC would provide a rational
framework for the following purposes:
a) To monitor the safety performance of the plant i.e. to ensure

continuous compliance with the design objectives and continuity
of safety practice into the operational phase of systems for
which a PSC existed at the design phase. This monitoring will
provide a way of yerif ication of the predicted values and hence
an indirect way for validating techniques, models, data bases,
etc.

b) To harmonize technical specif ications (TecSpecs), and in
particular limiting conditions of operation and surveillance
frequencies which can be set more rationally when their impact on
the performance of the corresponding systems is assessed as the
latter is measured by appropriate probabilistic indices.

c) To verify the effectiveness of backfitting measures and to
identify the most effective ways for further backfitting system
hardware and/or operating procedures.

4 . 3 Categorization of Approaches
The various ways that have been used and/or proposed for deriving PSC,

as mentioned in Chapter 3,1 above, can be divided into two general categories
according to the corresponding philosophical basis,

a) PSC related (directly or indirectly) to higher level safety indices;
this category includes all approaches that quantitatively make use of
safety indices of a higher than function level; (e.g. core melt
probability, individual risk for acute or latent fatalities, societal
risk for acute or latent fatalities). The derivation of the criteria
at the safety function level and at the system level is based on the
analysis of how much the failure of a particular function or system
contributes to the degradation of safety, through its impact on the
corresponding safety indices. The relationship to the higher level
safety indices could be either direct as for example in a "top-down"
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approach where a specific set of higher level PSC is disaggregated to a
set of PSC at the function/system level or indirect as in a "bottom- up"
approach where two possible sets of PSC at the function/system level
are compared on the basis of their implied performance at higher level
safety indices. The indirect relationship includes comparison with
other plants which have been assessed as safe using high level PSC.
There are more general approaches of this type, aimed at unifying the
field of nuclear safety and radiation safety. A particular exarnpJe is
elaborated in

b) PSC non-related either directly or indirect Jy to higher level safety
indices; this category includes all approaches that do not
quantitatively use safety indices of a higher than function level.
These criteria are set on an ad-hoc basis or by comparison to a plant
which has been accepted as safe but which has not been evaluated
against any higher level risk index.
Along with these two major categories of approaches a third type of

practice has been identified according to which, although PSC per se are not
used, PSA techniques are used along with the general objective of achieving a
"balanced safety concept". Here the assessment of the quantitative results of
PSAs is not the main objective, rather weak point identification is a primary
issue. This practice tends to eliminate dominant contributors to risk at each
level, e.g. public health, core melt, safety functions/systems, or components
without reference to any predefined numerical levels of acceptability. Tor
these purposes relative rather than absolute quantitative results are
important.

4 . 4 Met hodo 1 og i e s
In this subsection a brief outline of various ways or "methodologies"

for deriving PSC are outlined along with some comments on their relative
advantages and disadvantages.
4,4,1 Méthodologies related to high level risk indices

Disaggregation of a higher level criterion

This is a "top-down" approach in that a high level PSC, such as
coremelt criterion, is disaggregated into safety function PSC taking into
consideration appropriate frequencies for accident initiators. Such an
approach is proposed in [4], Tn view of the incompleteness and uncertainty in
PSA models, notably due to external events such as earthquakes and fires, they
suggest a portion (e.g. 60% on the basis of subjective judgement) of a core
melt frequency criterion of 1 x 10~"Vreactor year should be set aside prior
to subdividing the remainder between various safety functions such as the
decay heat removal function. This allocation is, however, arbitrary.

The advantage of this approach lies mainly in its conceptual
simplicity. There are, however, some disadvantages.

First, any two sets of safety function probabilistic criteria that lead
to the same core melt frequency are not necessarily equivalent either from the
health risk point of view or from an economic point of view. This approach
does not automatically provide quantitative guidance on the choice among the
many possible alternatives that also satisfy the top-level criterion. A
selection of any one of them without consideration of further issues will not,
in general, be optimum,
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Second, safety functions are not completely independent from each
other. Since functions depend on systems, many of which serve more than one
function, the function-PSC cannot take values independently of each other.
Consequently, it might be impossible to satisfy an arbitrarily defined set of
function-level PSC. Furthermore, in the presence of possible
interdependences, one function-level PSC might dominate the others. This
means that when the dominant criterion is satisfied the other will be
"over-satisfied" and the question of "optimality" is again raised. The
question is, whether this improvement in safety is justified by the associated
cost, whether health effects are also improved, whether the same or greater
reduction in the frequency of core-melt can be achieved differently with less
cost or greater improvement in health effects and so on. The conceptual
problems associated with this approach (stemming from the interdependences)
are further elaborated with the help of a simple example in the Appendix.
There are several efforts in the literature to develop a fairly comprehensive
list of functions which may be an appropriate basis for determining goals,
e.g., functions which relate to safety, are reasonably discrete, and can be
treated as independent for the purpose of setting criteria [5],

Comparison with plants with designs accepted as safe

Tf a plont or group of plants has been assessed and accepted as safe,
it provides a reference case from which criteria which are to be applied to
similar plants can be derived. Provided that the frequencies of initiating
events in potential fault sequences are comparable, the results of PSAs of
reference plants indicate reliability requirements for equivalent systems
intended to perform equivalent safety functions.

It is important, however, to note that actual plants and/or designs are
rarely identical and allowance must thus be made for differences.

In a similar approach, existing designs or plants with completed full
scope PSAs, provide some guidance for deriving function/system criteria that
would satisfy some higher level safety goal. An example of this approach is
presented in Ref. [6], There, PSC are implicitly derived from present LWR
designs with the objective of meeting an (arbitrary) 10~̂ /reactor year core
melt criterion.

This method has the same advantages and disadvantages as the method of
"safety goal" disaggregation (4.4,1) with possibly the following improvement.
The prescribed initiator frequencies and function/system unavailabilities are
coupled with and based on specific design changes. This along with the fact
that for the existing designs and/or plants interdependencies have been taken
into consideration in the PSAs, makes it less likely that there will be
inconsistency in the assigned PSC.

Consistency with a set of high level risk indices

This methodology is based on the following basic premises:
(i) Top-level safety goals and associated risk indices provide the

ultimate and easily understandable quantification of risk and
safety.

(ii) Top-level risk indices cannot take (for a given WPP) values
independently of each other since they depend on the same
function, systems, etc.
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(iii) The top-level risk indices of the plant are coupled with
low-level characteristics through a given PSA model and a given
plant design.

(iv) The PSA model is correct and complete,

(v) Any specific set of function/system reliability values for a
given plant at a given site imply a set of high level risk
indices {through the PSA model). Furthermore, two sets of
system reliabilities can be compared with respect to the implied
high risk indices.

The methodology then proceeds in a "bottom—up" way starting with a set
of possible system-level PSC, to define those among them that are consistent
with a set of higher level PSC. The details of this methodology are given in
[7] while an example of numerical results is given in Fig. 1.
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o : Unavailability values satisfying a 10~3/ry core melt criterion
arid having least cost.

a : Unavailability values satisfying a 5 x ICrVry core melt
criterion and hauing least cost,

A: Unavailabilities of initially proposed design (satisfy a
core melt criterion cost greater than optimum for solution by a
factor of 100).

1. ADSH: Automatic Oepressurization System.
2. FWPCS: Feed Water Power Conversion System Early Failure
3. FWPCSL: Feed Water Power Conversion Late Failure Given Early Failure
4. OG: Diesel Generators (emergency AC system)'
5. RHRH: Residual Heat Removal System
6. RPS: Reactor Protection System
7. SLCSH: Stand-by Liquid Control System
8. V: Low Pressure Decay Heat Removal (Low pressure injection and low

pressure core spray systems)
9. WSW: Service Water
10. H: High Pressure Decay Heat Removal (Reactor core injection coolant,

high pressure coolant injection)
11. EDC: DC Power Supply System

Figure 1: Unavailability ranges that could be used as PSC at system level for
a simplified BWR design [7].
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The advantage of this methodology is that it explicitly allows for the
dependencies among the various functions, as well as their relative importance
as far as risk is concerned. Consequently, this method provides not only a
set of self-consistent criteria but also a way to optimize the plant design
and/or operation. The optimization is under the above mentioned constraints
and premises.

The disadvantage of the methodology lies in its relative mathematical
complexity (multiobjective optimization). The general problem of uncertainty
and of compliance under uncertainty (see Section 4,5) presents greater
difficulties in this case.
4.4.2 Met h od_ql ogjie s noj:__re_lat ed_ _ t o_ h ig h__l_ey e_l__r;i_sk __i ndi c es^

A method to set the criteria at the function/system level without
having high level risk indices, uses, as reference case, a plant or a group of
plants which have been assessed and accepted as safe using deterministic
criteria. Thus the requirement for new plants is to match the performance
characteristics (including e.g. reliability characteristics) of the
corresponding systems in the present plants. The criteria for acceptability
of systems are thus not directly derived from high-level PSC, but are based on
our current understanding of what might be achieved by modern safety
technology subject to the limitations of the probabilistic methodology as.
regards verification that the reliability requirements are actually met .

Using the PSC defined in this way provides no guarantee that any
quantitative top-level safety goal is being met, or that the plant is being
appropriately optimised unless the reference plant or the reference group of
plants have been analyzed by a full scope risk analysis.

TMI and Chernobyl provide a warning that the reference case should be
well chosen.
4.4.3 ptho r methodolog i e s

Methodologies of this category can be described as "Elimination of
Outliers". When results of a PSA are reviewed it is often possible to
identify a few systems or weak points within a system, interconnections of
systems, or operator actions, which are the main contributors to the various
types of high level safety measures. These are usually called dominant
contributors to risk. The dominant contributors are the prime targets if
improvements are desired. An assessment of the absolute results of the PSA is
not the main objective, rather relative results are important. The objective
here is to avoid having a few large contributors to risk, and no reference to
any numerical levels of acceptability is made. However, other criteria may be
used. Typical examples are some criteria based on cost-benefit analysis,
comparison with other plants, weak points identified within a system,
comparisons of unreliabilities of safety features on the secondary side with
those on the primary side, comparisons of failure rates of the hardware with
malfunctions due to operator errors.

This approach has been developed as a natural reaction to a review of
PSAs. Necessary prerequisites are: (i) performing a plant specific PSA which
considers the interactions of front—line and support systems at the system
function level as well as their demands with respect to the whole spectrum of
relevant events and (ii) performing an importance analysis of selected systems
and operating modes.
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Wrong conclusions may be drawn if "identification of outliers" is based
on reliability analysis of a single system. It should be noted that
sub—systems and systems in a nuclear power plant are functionally coupled

Another problem is the lack of a generally acceptable measure of
importance as well as the fact that different measures can lead to different
ranking of importance of safety functions or systems,

4 • 5 Uncertainty and_Cojngl_iaric_e
A very important topic in developing PSC is adequate consideration of

uncertainties. It should be noted that uncertainties exist per so o»nd are not
introduced by PSA. However, PSA is a method which can identify these
uncertainties and systematically deal with some of them in a quantitative
way. PSA can recognize uncertainties in parameters, modelJing and
completeness.

There are two basic types of uncertainty: uncertainty due to the
stochastic variation in the behaviour of equipment and/or other phenomena, and
uncertainty due to i mpe rfe c t k now1edge in describing this behaviour.

Related to safety functions/systems, the first type of uncertainty
means that, even with perfect knowledge about the probability density function
of failure over time, the safety function/system might fail at any given
time. It is not known when, however, the probability of failure in arty
specified time interval is known.

The second type of uncertainty is introduced by the fact that the
perfect knowledge about e.g. data and functional relationships does not exist.

The first type of uncertainty is incorporated in the essence of the PSA
modelling. It is the existence of the second type of uncertainty that
presents the derivation and use of PSC with two main problems. First,
imperfect knowledge of the actual models and the associated parameters
introduces an uncertainty as to whether a specific system design satisfies the
corresponding criterion - the compliance problem. Second, imperfect knowledge
on coremelt phenomenology and melt-concrete interaction, of containment
behaviour given a coremelt, source terms, and dose/risk relationships all
introduce substantial uncertainties as to whether a high-level PSC is
satisfied. Thus, where safety function/system-level PSC are derived from
high-level PSC it is furthermore uncertain as to whether satisfaction of these
low-level PSC (even if it were possible to demonstrate) implies satisfaction
of the higher-level PSC.

It should be emphasized again that the uncertainty problem exists
regardless of the use or not of PSA and/or PSC, and it cannot be taken away by
avoiding use of PSA and/or PSC. On the contrary, the uncertainty problems
should be identified, addressed, resolved to the extent possible, and
incorporated into a rational decision-making process. PSA techniques and
possibly PSC constitute the means available today, to accomplish this
quantitatively,

4.5.1 Areas of imperfect knowledge
i) Insufficient data

The parameters of the models used to describe the stochastic behaviour
of a system can be estimated from the experiental evidence of the behaviour of
these systems in actual use or, failing this, taking generic data for similar
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systems complemented by engineering judgement on their applicability. For
most systems and/or components of interest there is a lack of data, resulting
in an inability to assess the values of the various parameters with perfect
accuracy. The resulting uncertainty can be quantified, however, using various
mathematical tools.

ii) Incompleteness in modelling
Lack of completeness in the modelling of the stochastic behaviour of

systems and functions and of their integration into accident sequences, is
another source of uncertainty. Some of the factors affecting the completeness
of modelling are:

a) The logic incorporated in the system reliability modelling, the
understanding of the phenomena involved, the definition of success
criteria, definition of component and system boundaries and other
assumptions,

b) The possible dependencies or interrelations among systems, e.g.,
existence of common causes of failures.

c) The relative lack of understanding of the human element as an initiator
of an accident or of a preventive action during an abnormal plant
condition.

d) Ambiguities in test and maintenance data such as mission time,
detection time, duration of test or identification of repairable and
non-repairable components.

e) The possible effects of some accident initiators on the operation or
the reliability of some safety systems of the plant.
Uncertainties of completeness are also related to potential accident

scenarios that have not been identified or which purposefully have not been
taken into account by thematic limitations. The latter limitations must be
pointed out and are to be considered in the final appraisal of the results.
Completeness, i.e. whether within a defined problem all important occurrences
and any data relevant to the frequencies of occurrences were taken into
consideration, cannot be proven,
4.5.2 Imp1i cat ions of uncertainty to compliance

The uncertainties mentioned in 4.5.1 present a problem when compliance
of a specific design (plant-function-system) with existing PSC is to be
demonstrated.

Owing to the various sources of uncertainties the reliability measure,
in which the criterion is expressed, must at least be expressed as the
expectation value (or mean value).

Most experts take the view that such a single point value is not
sufficient for the comparison of a calculated reliability measure with the
PSC, they rather prefer to judge the underlying density function
(distribution) together with its associated uncertainties. A minority view,
however, is that the mean value by itself provides sufficient information.

A complete quantification of the uncertainties would result in a range
of values and confidence levels. As discussed in 4.5.1 only part of the
existing uncertainties can be readily quantified in this way, namely those
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that are due to insufficient data. For this reason a number of reliability
analysts are reluctant to attempt any quantification of uncertainties.

There is no way to avoid this problem of uncertainties. However, at
present there is no consensus on the appropriate treatment.

If a (partial) quantification of the uncertainties is available along
with single-value PSC, then the compliance to the criterion could take the
form of a probability statement of one of the following forms:

i) A summary index of the range of values and the associated uncertainties
is compared to the PSC.

ii) The uncertainties of the candidate-design should be such that the
calculated reliability measure is less than the PSC with a certain
probability.

iii) Qualitative arguments provide assurance that there is a margin of
safety in meeting the PSC.
These forms of statements do not quantitatively take into account the

relative degree of compliance with the PSC, A third form of compliance
statement that addresses this is:
iv) Each of the possible values of the reliability measure is given a

relative importance (weight — or utility function) and the expected
value of the importance - weighted reliability measure is compared
against a standard value.

Additional work is needed in the area of formulating compliance
statements or procedures for demonstrating compliance in the face of
uncertainties,

Demonstration of compliance to a PSC in the presence of uncertainties
might be facilitated if in addition to the PSC in the form of a single value
of a reliability measure, certain conditions on the derivation of this measure
are also prescribed (possibly as part of the PSC). These conditions include:
i) The definition of the reliability measure that forms the PSC (e.g.

unavailability given loss of off-site power).
ii) The determination of the modelling technique and calculation basis to

be used,
iii) The inclusion in the mode] of a minimum list of possible failure causes

(as stated in (V)a (p. 48) in Volume I).
iv) Possible use of specific data base.

There are, however, problems associated with the predetermination of
the above mentioned factors. The success criteria, for example, might vary
from plant-to-plant as well as with the initiator so that a comprehensive list
of all of them might not be possible to be compiled.

4.5,3 Implications of uncertainty to the derivation of PSC
The various methods for deriving PSC, described in 4.3., are further

complicated if the derivation must be done in the presence of uncertainties.
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Additional work is needed for advancing the state of the art, if
explicitly quantified uncertainties are to be included in the models used in
the derivation of PSC, particularly in those techniques that are related to
high-level safety indices. PSA models in this case do not derive single
values for the high level safety indices but rather probability density
functions over ranges of values of these indices. "Decomposition" of one sort
or another is a more complicated and not widely analyzed procedure in this
case,

Methods not related to high-level safety indices tend to identify
sources of uncertainty and eliminate or reduce them. Even in this case, lack
of appropriate importance measures pose some limitations.

Again it should be emphasized that the problem of uncertainties is not
a problem inherent to the PSA methods but rather one that exists regardless of
the methods used to evaluate and improve the safety op nuclear power plants.
PSA techniques are, however, the only techniques that can identify the sources
and nature op uncertainties and treat some of them in a rigorous and
quantitative way.
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5. STATUS IN MEMBER STATES

5.1 General

Wuclear power plant design uses good engineering practice and
experience. However, it is often difficult to decide what level of
engineering is appropriate or which of various alternative designs is
preferred. At this stage it is often found useful to employ the methods of
reliability analysis and probabilistic evaluations to obtain support for the
engineering design.

There are no Member States in which PSA at this time is an exclusive
alternative to deterministic techniques.

Probabilistic arguments are unlikely to be the sole basis for
regulatory decisions, either for increasing or for relaxing regulatory
requirements. Quantitative probabilistic techniques are still too new and
unqualified to provide the sole basis for such decisions.

Even in countries that do have probabilistic criteria there exist
specific regulatory (deterministic) requirements on the technical details in
the design arid operation of the nuclear power plants. Complementing these,
sometimes ad hoc standards by PSC which have been derived on a consistent
basis would certainly help to optimize the safety of the plant and remove
potential inconsistencies in its design and operation.

PSAs are often considered as an additional tool for
assessing plant safety under various conditions of operation;

- suggesting design improvements or backfitting actions;
- evaluating the impact of implemented or anticipated modification,
- monitoring plant operation.

Moreover, they are generally to be considered as plant-specific studies:
experience has shown that numerical comparisons between PSA results should be
carried out very carefully. The interpretation of the results is basically
carried out on a case-by-case basis. It is impossible to get a correct
judgement on the results of a PSA without relating them to the context, the
plant, the assumptions, and the methodologies used.

Independently from the approach used, as mentioned in Chapters 3 and 4
above, the following reasons for developing lower level criteria are often
mentioned in Member States:

- PSC on safety function level give more specific guidance for
utilities to design the safety functions, also criteria of this
sort imply a rather prescriptive licensing policy on the authority
side.
The statistical uncertainties can be significantly reduced in some
cases because the safety function probabilities do not contain the
relatively large uncertainties of some initiating events.

- PSC are aimed at aiding both the designers and the authorities in
the licensing process, which expedites the review process. (The
new Finnish licensing process presumes that before construction
permit a so-called mini-PSA is completed and before operating
license the PSA of Level 2 is completed as well).
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The following considerations are also relevant:
The use of engineering principles is a good guide to system design but

it may not provide a good perspective on the effectiveness of these principles
in different situations. For this case, reliability analysis can be used to
ensure that the engineering principles have produced a design which gives an
"adequate" reliability. The definition of "adequate" reliability will in the
first instance involve general views about safety systems; for example that a
safety system should have a reliability of better than 1O~3/demand and that
tho reliability should not be dominated by failure aspects which have a large
uncertainty.

At this level probabilistic evaluation cart also assist in comparing
different alternative system designs and in particular establish practical
limits for system design. Thus for example guidance on appropriate levels of
redundancy, the use of diverse equipment or the role of operator intervention
can be established.

However, to confine probabilistic analysis to the safety system level
is not always useful since there is concern about complete event sequences.
It is thus appropriate to perform probabilistic evaluation of complete event
sequences from initiating event frequencies through safety function
reliabilitios,

In order for such analysis to be appraised, experts in Member States
consider that it may be helpful to have some target values for the event
sequence frequencies. These targets may be relative - a balance of risk
between major accident sequences, or absolute - specific event sequence
frequencies. In order to allow for flexibility in design and response to
different initiating events it may not be useful to have target values at a
more detailed level than event sequences. In practice such more detailed
target values may prove very difficult to specify in a useful way.

5.2 «EMBER. .STATES

5.2.1 ARGENT.MB

An example which corresponds closely to the high-level criteria derived
from radiation protection principles comes from Argentina [3]. The competent
authority estimated that an annual risk limit of 1O-6 for accidental
exposures from nuclear power plants would be consistent with current
philosophy. Since it would be very difficult to identify all possible
accident sequences, the authority assumes that a tenth of the relevant
sequences is identified, and has assigned an annual risk limit of 10~7 to
them. As each sequence may result in different doses, a criterion curve was
adopted, which is a relationship between the annual probability of sequence
occurrence and the expected individual dose, each point of the curve
representing a constant level of risk. The criterion curve enforced by the
competent authority in year 1979 is shown in Figure 2, From that criterion
curve safety function/system criteria can be derived on a case by case basis,
taking into account specific design and siting conditions through an
interactive process.
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Figure 2: Criterion Curve

The logic behind the criterion curve is as follows. For the range of
doses from which only stochastic effects of radiation can be incurred, the
criterion curve must show a constant, negative, 45° slope in a -log annual
probability versus log individual dose - coordinate axis plane. This would
ensure that the annual probability of incurring the dose times the probability
of death provided the dose is incurred (the latter being in the order of
10-2 per sievert) will be kept constant. One of the coordinate points in
this part of the curve would obviously be the following: [probability = 10~5
year-1; individual dose = 1 Sv], because the product 10-5 year-1 1 Sv
10~2 Sv~l results in an annual risk of 10~7, which is the risk limit.
In the dose range where non-stochastic effects of radiation may occur (i.e.,
for individual doses higher than 1 Sv), the slope of the curve should
increase, in order to take account of the higher risks of death at these
levels of dose. For doses higher than a few sievert (say, approximately 6 Sv),
the probability of death approaches unity. From this level to higher doses,
the criterion curve should remain constant at an annual probability of 10-7
(because the exposed individual would inevitably die regardless the level of
the dose). Between the coordinate points defined by [Annual probability -
10~5; individual dose = 6 Sv3> the criterion curve should show a shape
similar to that of the relationship between the individual dose and the
frequency of death (which, at that range, is S-shaped). However, for the sake
of simplification, the authority has decided to approximate these two points
by means of a linear-shaped relationship. Finally, the criterion curve has
been truncated at an annual probability level of 10~2, because the
occurrence of incidents having a higher annual probability (regardless the
dose) is unacceptable for the authority.

The Argentine authority has adopted the probabilistic safety criterion
and has issued a regulation applying that criterion [8], Furthermore, an
additional regulation on "failure analysis of risk evaluation" was issued
[9], The main features of these regulations are the following:
i) The applicant for a nuclear power plant license shall identify the

failure sequences which, in case of occurrence, will deliver a
radiation dose to members of the public.
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ii) The probability of occurence of each failure sequence, as well as the
corresponding activity of released radionuclides, shall be assessed by
using event and fault trees, ft list of criteria that must be taken
into account exists, some of which follow:
- The failure analysis shall systematically encompass all foreseeable

failures and failure sequences, including the common-mode failures,
the failure combinations and the situations exceeding the design
basis,

ft failure or a failure sequence may be selected as representative
of a group of failures or of failure sequences. In such a case,
the failure or failure sequence to be selected from the group shall
be the one delivering the worst consequences and the analysis shall
take into acrount the sum of the probabilities of the failure or
failure sequences in the group.

1 he analysis of failures, of failure sequences or of any part
thereof shall be based on experimental data as far as it is
possible. If this cannot be done, the valuation methods must be
validated through appropriate test.

iii) The doses on the critical group, that would result from the release of
radionuclides due to a failure or failure sequence, shall be assessed
by accepted methods. The assessment shall take into account the
meteorological conditions of dispersion at the site and their
probabilities. The assessment shall not take into account the eventual
application of counterrneasures, even if they are forecast in emergency
planning.

iv) The annual probability of occurrence of any failure sequence, if
plotted as a function of the resulting effective dose equivalent
assessed as indicated above, shall result in a point located outside
the non-acceptable area of Figure 2,

5.2.2 ftUSTRftLIft

The only application of nuclear reactor safety criteria in Australia is
within the Australian Atomic Energy Commission (AAEC) which is shortly to
become the Australian Wuclear Science and Technology Organization. The AAEC
owns and operates the only reactors in Australia, of which only HIFAR is
significant in this context. HIFAR is a 101̂  research and isotope production
unit, over 25 years old.

Australia has no nuclear power programme and is not likely to have one
in the foreseeable future. Hence it has no national nuclear regulatory
authority. The AAEC has been responsible for the safety of its own reactors,
and uses safety assessment principles based upon those published by the UK
Nuclear Installations Inspectorate [10].
5.2.3 CANADA

From the earliest days of the Canadian nuclear programme, the safety
objective has been to ensure that the likelihood of a serious release of
fission products is negligibly small.

A serious accident to a research reactor at Chalk River in 1952 was the
catalyst for the conceptual development of the Canadian reactor safety
approach. Its principles include basic probabilistic considerations,
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requirements for safety systems separated from process systems and from one
another, the requirements for testing of passive safety systems and the
imposition of a limited man-rem population dose as a design and operating
criterion. Furthermore, it was recognized that every effort should be made to
keep Canadian standards consistent with the best approaches of other countries
and with the requirements of society.

The Atomic Energy Control Board (AECB), which is the regulatory
authority in Canada, formali/fd these concepts into a set of criteria commonly
called the siting guide The criteria covers three areas definition of an
exclusion zone, general design requirements and definition of radioactive dose
limits.

The exclusion zone is defined as an area, specified by the Atomic
Energy Control Board, immediately surrounding a nuclear facility and under the
control of the licensee or the operator. Typically the exclusion zones extend
from the reactor core to a radius of 3000 feet with the exception of navigable
waters and other minor exceptions. Use of the land within the exclusion zone
requires AECB approval; methods stnd measurement for ensuring radiation safety
are subject to review as required by the Board.

The general design requirements state that:
(1) Design and construction of all components, systems and structures

essential to or associated with the reactor shall follow the best
applicable code, standard or practice and be confirmed by a system of
independent audit.

(2) The quality and nature of the process systems essential to the reactor
shall be such that the total of all serious failures shall not exceed 1
every 3 years, ft serious failure is one that, in the absence of
protective action, would lead to serious fuel failure,

(3) The effectiveness of the safety systems shall be such that, for any
serious process failure, the exposure of any individual of the
population shall not exceed 500 mrem, and of the population at risk
1Q4 man-rem,

(4) Safety systems shall be physically and functionally separate from the
process systems and from each other so that the probability of
coincident failure of any two of the safety systems or of the process
equipment and any of the safety systems due to a common cause is very
small.

(5) Each safety system should have an unavailability of less than
which should be confirmed by testing.
The operating dose limits and reference dose limits for accident

conditions are defined by table 1.
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TABLE: i. OPERATING DOSE LIMITS AMD REFERENCE ÜOSF LIMITS FOR
ACCIDEWr CONDITIONS

Situation

Ko r mal
operation

Assumed
maximum
frequency

Meteorology
to be used in
calculation

Weighted according to
effect, i.e., frequency
times dose for unit
release

Maximum
individual

dose limits

0.5 rem/y
whole body
3 rem/y
to thyroid

Maximum
total

population
dose limits

loSnan-rem/y

104 thyroid
rem/y

Serious
process
failure
(single
failure)

Serious
process
failure
plus
failure
of any
safety
system
(dual
failure)

1 in 3 Either worst weather
years existing at most 102 of

time or Pasquill F
condition if local data
incomplete

1 in 3,000 Either worst weather
years existing at most 102 of

time or Pasquill F
condition if local
data incomplete

tame as
above

25rem whole 10^ oan-rem
body

250 rem 106 thyroid
thyroid rem

The criteria clearly exhibit elements of probabilistic risk
assessment. Over the years they have proven to be a sound basis for licensing
practices. Three refinements in their application are notable for their
probabilistic elements: a statement on two shutdown systems, introduction of
safety design matrices and improvement of reliability analysis practices.

It was realized that failure to shut down (scram) after some serious
process failures could lead to consequences that cannot be determined with
confidence. It was stated that this situation does not need to be considered,
provided two sufficiently independent and diverse shutdown systems are used.
The unavailability of each shutdown system must be less than 0,001 per demand.

Safety design matrices (SOMs) were introduced in the mid-1970s to
address some important questions not answered by the rather simplistic
single/dual failure analyses dealing with predefined, stylised "gross"
accidents. In its present form, the SDM is a record of a systematic "what if"
investigation. The analyst selects an event that is a potential safety
concern, e.g. loss of steam generators as a heat sink. The possible causes of
this event are identified by a fault tree analysis and various postulated
consequences are represented by event sequence diagrams accompanied by a
narrative. Introduction of SDMs significantly improved the understanding of
system behaviour and system interactions under abnormal operating conditions.
The SDMs also improved plant safety by identifying proper operator actions, by
revealing desirable design modifications and, for certain components, by
identifying contradictory design requirements.

Contradictions in requirements (such as for the dowsing system which
must be designed to avoid splashing the reactor by inadvertent dousing),
dependence of safety systems on support system (such as instrument air supply)
and also introduction of new computer technologies pose stringent requirements
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of the reliability analysis techniques. An effort is therefore in progress to
improve the reliability analyses submitted in support of an application for an
operating license. Emphasis is on proper identification of parts and their
failure modes, conformance with actual as-built and operating conditions,
retrievability of information, scrutability and veriflability by operating
experience,

Discussions on future changes in the licensing criteria have centred
around two issues; further improvement of analytical techniques and refinement
of the single/dual failure criterion. It had been suggested that the
single/dual failure criterion could lead to excessive emphasis on detailed
analysis of highly stylised accidents, and therefore obscure the primary
safety objective of achieving an acceptably small risk to the public while
maintaining the economy of nuclear power. Therefore, in 1977, an
Tnter-Organizational Working Group (EOWG) composed of representatives of the
AE~CB and power utilities was formed to review the general principles and
criteria that are applied to the licensing of nuclear power reactors. The
report issued by the TOWG in 1978 reiterated the general principles oT
Canadian safey approach and proposed a new table defining reference values for
the sum of predicted rates of occurrence of failures leading to releases
within six reference-dose intervals. The table was based on "constant risk
for whole body exposure up to 0,05 Sv (5 rem)". For higher exposure levels it
took into account the risk aversion concept by incorporating a decreasing risk
line. The report outlines the concepts without defining actual
implementation. Its recommendations are being used on a trial basis for the
Darlington Wuclear Generating Station.

The implementation of the trial requires further development of
analytical techniques. Although the AEC8 staff possesses the capability of
defining detailed requirements for these techniques, this would be considered
as conflicting with the long-standing Canadian policy that the primary
responsibility for achieving high standards of nuclear safety and
environmental protection in the design, construction, commissioning and
operation of nuclear facilities resides with the licensee. Furthermore,
detailed requirements may incline the licensee to think in terms of meeting
the regulatory specifications rather than in terms of a safe, efficient and
reliable plant. The AECB, therefore, opposes the idea of design and operation
by regulation. The technical competence of the regulatory staff is used
solely to establish regulatory principles and criteria (such as the
Consultative Document c98 [113). to enable the verification of information and
analyses submitted by the licensee and to ensure continuing compliance with
these principles and criteria. The onus is then placed upon the licensee to
develop the conceptual and detailed design, the method of operation of a
proposed facility and to demonstrate that the facility will be operated with a
high standard of public and occupational health and safety, security and
environmental control.

5,2.4 CHINA
China is now monitoring with great interest the development and

possible use of PSC, and is going to work out some kinds of PSC in its
probabilistic safety assessment project following some well established
approaches.

Several probabilistic analyses for reactor safety systems have been
completed in recent years. The acceptance criteria for these systems are
mainly from engineering judgement and from comparison with the results of PSAs
of similar systems in the world.
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National Wuclear Safety Administration of China (WWSA) is considering
using some kinds of PSC for the two nuclear power plants under construction.
At the end of last year four codes for nuclear power plants were issued by
WNSA. In one of these codes it is stipulated that probabilistic safety
assessment for external events should be made for every plant before the plant
site is approved. Therefore, PSAs and PSC may be expected to have an
extensive application in the near future in China
5.2.5 FT NLAND

1 L?f*f Re 1J ability Analyses
Already at the very beginning of the Finnish nuclear era, in the early

1970s, the reliability analyses and risk assessments have had an informal
position in the licensing process. However, the formal licensing process is
based on the deterministic principles such as single failure criterion,
redundancy and diversity. Even though the numerical reliability and risk
estimates have not played an important role in decision making, they have had
some impact on the design and construction of IMPPs . More than 40 system level
reliability analyses were performed during the construction phases of Lovisa 1
and rVOl in 1972-78. Besides that a pilot PSA study up to level 2, concerning
the Large Break LOCA, was performed in 1972-75 for Lovisa 1. Also utilities
have performed some system level analyses for their own purposes and sometimes
to convince the authorities, especially concerning technical specifications
and related matters.

The reliability and risk assessment, even though required by
authorities, have had no formal status. Therefore, the licensing authority
has not used the information of these studies directly in the decision
making. However, the reliability studies have had some indirect impacts on
the safety systems — some few modifications during the construction phase have
been made.

Reliability and risk assessments have received more emphasis in the
regulation of operating plants and the licensing authority has required that
PSA studies up to level 2 be performed for each operating plant.
3 • Type of criteria for new plants

The licensing authority has proposed a guide [12] on the use of PSA in
the licensing of new NPPs, This guide shows how the probabilistic analyses
are used in the licensing process. However, PSA does not replace the
deterministic analyses but both are used side by side complementing each
other.

The qualitative PSA requirements presume that a so-called Mini-PSA has
been completed before construction permit and a PSA study of level 2 has been
completed before operating license could be granted.

No probabilistic criteria have been set forth in terms of core melt.
Instead the licensing authority has figured out numerical reliability
objectives for the most important safety functions.

One requirement for the operating license is that the unreliabilities
of these safety functions be below these objectives at least with a 90%
confidence level.
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5.2.6 FRANCE

The French approach to nuclear power plants safety is based upon the
"defense-in-depth" principle. Plants are designed using deterministic
techniques. Probabilistic safety assessments and reliability studies are only
performed For particular and limited cases to confirm the high level and the
consistency of the plant safety.

Moreover, no overall probabilistic safety criterion, goal or target is
applied, either for designing new plants or for backfilling existing plants.

At the safety function/system level probabilistic assessments are
carried out :

1. To evaluate safety systems reliability (front-line systems, support
systems, and more generally safety-related systems). None of these
systems has to satisfy any numerical probabilistic safety criterion or
target. Moreover, these reliability studies are performed within the
design phases of the plants, to evaluate different design alternatives
or to confirm the balance and high level of safety of the studied
systems.

2. To analyse the consequences of the total loss of some frequently or
permanently used safety systems (in terms of core melt frequency) and
to evaluate the benefit drawn by the additional means used to face such
complementary situations, historically called "beyond-design basis"
situations,

3. To design the plants against external events related to human
activities (aircraft crashes, industrial environment).

4. To help in formulating and improving technical specifications.
It should be underlined that for cases 2 and 3 numerical probabilistic

targets are used; for instance, every above-mentioned complementary situation
should not result in a core-melt frequency greater than 30~7/reactor x year
[133-

Finally, it should be underlined that, in general, probabilistic
assessments performed in France are basically used as tools for confirming the
results of the deterministic approach to NPPs safety and/or for suggesting
procedures or design improvements.

5.2.7. GERMANY, FEDERAL REPUBLIC OF

Within the licensing procedure PSA is an established and well-proven,
although informal and pragmatic tool. The probabilistic assessments are
restricted to specific items concerning the design basis area, mostly with
regard to core coolability and to a lesser extent to containment isolation.

PSAs are used to provide background information which supports decision
making. Wo formal guidelines or quantitative safety targets have yet been
established. Quantitative figures have evolved as a matter of practice.
These figures are used for orientation purposes. An assessment of the
absolute quantitative results is not the main objective, rather, weak point
identification and optimi£ation to achieve a balanced safety concept are
primary issues.
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PSAs are used in a process in which conventional approaches retain
their dominant and continuing role. There are, however, recently examples of
requirements for further system improvements which are mainly based on PSA
results, although deterministic principles, guidelines or rules have been
satisfied. Again, relative rating - and not the appraisal of a-priori
established absolute numbers - played the dominant role. The assessment
principle employed is that of relative comparison, of course, after due
consideration of plant specific items and within the context of the respective
calculation methods.

The most sensitive items which significantly influence the calculated
numbers are, e.g., (i) whether pessimistic or best estimate minimum
requirements for the system success are used, (ii) whether support and
operational systems are included, (iii) in which way common mode effects are
taken into account, and (iv) in which way human intervention has been
quantified.

Table 2 shows typical unreliabilities at the system function level for
different categories of initiating events. These numbers are judged to be
feasible for modern designs. They also can be calculated analytically with a
sufficient degree of assurance.

TABLE 2. EXPECTATION VALUE" OF THE PROBABII 1 IY OF A FAILURE OF REQUIRED
SYSTEM FUNCTIONS
System Functions

Fuel pool cool ing
cool ing after LOCA
(below 80 OC)
cooling at nominal power

containment isolation
after primary coolantpipe leak
after transients resp.pressurizer leaks

core cooling
primary loop

large LOCA ( 2oo cm*)(no shut down necessary)
medium-size and small LOCA( Zoo cm1) i shut down andresidual heat removal necessar

secundary loop
large leak ( 1ooo cm*), main
steam pipe behind relief static

a

5-tO'3

10-*

5-10'4

HT3

1C'3

to'3

n 10"3
medium-size and small leak, main ,steam pipe behind relief station 1o~

emergency power case
loss of preferred power 5Mo"6

h,

no
no

yes

yes

yes

yes

yes

yes

yes

6*

no
no

yes

yes

yes

yes

yes

yes

yes

c

yes
yes

-

-

yes

yes

es

<>S

es

d

yes
yes

-

-

-

no

yes

yes

yes

e

yes
yes

no

no

yes

yes

yes

yes

yes

4-

to'*

IQ'3

<5-10"5

5-1o"3

5-1o"4

1C'3

5-10"2

#

5-1o"6

I«'6

ÖD'7

5-to-6

5-IO"7

ID'6

3.to-7

a u n a v a i l a b i l i t y of required system functions
b common mode f a i l u r e s included; bl m e c h a n i c a l , b2 control
c support systems i n c l u d e d
d o p e r a t i o n a l systems i n c l u d e d
e m a n u a l i n t e r v e n t i o n s i n c l u d e d
f ( i n i t i a t i n g ) event frequency ( c u m u l a t i v e )
g frequency of f a i l u r e to cope with accident
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As shown in Table 2, target values for initiating event sequences for
different representative categories of initiating events in the order of
10—6/yr (or less) per event group seem to be feasible as far as
non-reliability of core cooling is concerned. This number refers to the
cumulative event frequencies within that specific category. The cumulative
target value summed over all categories will be in the order of 10-Vyr for
core-meltdown frequency. This number is based on recent insights from the
Phase 8 of the German Risk Study and on results of reliability analyses within
the context of licensing of modern power plants in the FRG,

As a separate matter severe accidents beyond the design limit were and
are still being investigated in in-depth research programs In this context
also full scope risk studies are performed. More risk studies will be
performed in the near future. Also plant-specific probabilistic studies which
are confined to selected issues in the severe accident area have been
completed or are under way. The resulting findings are carefully analyzed by
industry, authorities and legal bodies. As a matter of fact, changes in the
design or operation of NPPs were stipulated.

After discussions in the technical community and after deliberations in
the advisory bodies of the competent supreme licensing authorities, the
operators usually apply voluntarily for the implementation of the new
findings. The resulting technical measures proposed are very often
"substantial alterations'. The rules and requirements of the Atomic Energy
Act and the Nuclear Licensing Procedures Ordinance are thus obeyed,

A formal quantitative approach in the final appraisal of full-scope
risk study results is not adopted. There are also no formal requirements to
perform plant-specific full-scope risk studies.
Future Prospects

Two ad-hoc committees have been installed by the competent Federal
Ministry. Practitioners in the field and representatives of the supreme
licensing state authorities are members of these both committees,
respectively. These committees review the practical experience gained so far
with PSAs. Furthermore, the incentive is to recommend guidance on how to use
PSAs and eventually PSC to adapt nuclear safety to the advancing state of
science and technology.

There are, moreover, plans to incorporate a specific chapter into the
RSK-guidelines (guidelines of the Nuclear Safety Commission) for pressurized
water reactors which will deal with topics such as: which systems, system
functions and initiating events are to be investigated by probabilistic means,
which methods have to be adopted and which reliability target values may be
considered acceptable. Preliminary steps have been undertaken. Technical
details, timeframes or the final outcome of the deliberations of RSK cannot be
anticipated at the moment.

Presently there are also concrete plans to expand the safety concept to
include severe accidents. Measures are discussed aiming at intervention
during the course of an accident even beyond the design basis. These are
accident management measures and internal emergency response actions in which
the existing design provision fully utilize the present safety margins. Also
specific measures in the event of core-melt accidents for controlled filtered
depressurization of the containment for LWRs are considered.

The results of Phase B of the German Risk Study will help in decision
making.
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It is an essential feature that specific technical (deterministic)
requirements will be established. Tt is presently not intended to base these
decisions on reliability arguments.

As far as high level safety goals are concerned, a number of different
approaches have been considered so far. The proposals are still being
debated.
5.2.8 POLAWD

At present, there are no legal requirements to use probabilistic safety
criteria for nuclear reactor design and operation. However, the
implementation of PSC, particularly at the safety function/system level, is
considered for future use and for this reason Poland is monitoring the status
of PSC in other countries

Probabilistic Safety Assessment (PSA level 1) for the first WPP
Zarnowiec has been started recently. This type of safety evaluation technique
is advised by the Regulatory Authority as an additional tool in the licensing
process. Regulatory guidelines for the content and scope of Safety Analysis
Reports for WPP, existing or being prepared at present, specify that
reliability analysis for several safety-related systems should be included in
the Preliminary Safety Analysis Report, However, no formal numerical criteria
have yet been established for these systems.

Before specific PSC at the safety function/system level may be derived,
as a result of PSA experience in Poland, the approach based on comparison with
systems in existing plants and the approach described as "elimination of main
risk contributors of the plant" will be used in Poland.

5.2.9 S£ AIW
Licensing is basically deterministic, based mainly on national and

international rules and standards and on some independent calculations.

In special cases (i.e., diesel generators), a specific reliability
figure needs to be demonstrated by means of a reliability testing programme.

The necessity of performing reliability analysis in some special cases
(for instance. Auxiliary Feedwater System, due to TMI-2 insights) can be taken
into consideration. The acceptance of the results would then be based on the
"status quo" and "removal of outliers methods". At least two such studies
have been performed.

PSA work is performed in the operational phase, in order to include
specific data from the plant. The Authority selects the plant that must
undertake a PSA Level 1 analysis. Emphasis is placed on avoiding core melt,
because it is thought that such a situation, independent of the consequences
outside the plant, will be really serious both for the public and for all the
nuclear industry.

Although the plants are thought to be safe enough after obtaining the
operating license, the possibility is considered that some outliers can exist,
judged from the extent of consequences and their associated frequencies.

The second PSA, to be started next, will include a fire analysis, and
some improvements in the methodology. The idea is to extend progressively the
scope of the analyses.

43



The authority makes a continuous evaluation of the different stages of
the work, assessing the interim reports.

When the PSA is finished its results are used to remove the peaks, in
order to improve the reliability of the plants. Some improvements are then
incorporated by the utility without any suggestion or requirement from the
Authority.

Other benefits are also expected: improvement of TecSpccs, improvement
of operating procedures, deeper knowledge of the plant by the operators, etc.

There is no "top-down" approach, except in relation with implicit
guidelines in the determinist ic approach (single fed lure criteria, testing
periods, accidents classification, etc.). l\lo probabilistic target value for
core melt is used.

The Authority has no official position regarding the numerical
guidelines for safety functions and systems. Status quo and elimination of
outliers methods are mainly used.

5.2.10 SWEDEN

In Sweden, a very cautious approach is taken with regard to using PSA
techniques in trying to establish quantitative estimates of risk to public
health and safety and associated safety goals. The reason behind this
approach is that there are many difficult pitfalls to avoid in such full-scope
PSA studies. These include inter alia:

Political acceptance, e.g. the way various social consequences of large
accidents are modelled;

— Acceptance by the statistical sciences community, e.g. of assigning
probabilities to phenomena about which little is known empirically,
e.g. containment response following some types of core melt accidents;

Possibility of "tunnel vision phenomena" by putting too much emphasis
on good results from theoretical analysis and forgetting to check with
actual plant conditions, e.g. with respect to quality of operation and
maintenance (c.f. Salem incident).

The Swed ish re1iabi1ity évaluât ion programme
On the other hand, there are major efforts under way in Sweden, carried

out in co-operation between the Nuclear Power Inspectorate (SKE) and nuclear
utilities. These focus on the use of reliability engineering as one of the
more important tools to maintain and improve reactor safety. In this context,
it is of course realized that preventing disturbances, incidents and accidents
is essentially the same as promoting safe and reliable normal operation of the
nuclear power plant.

Thus a thorough plant-specific systems reliability analysis PSA will
constitute a major part of the present Swedish ongoing safety analysis
programme. These PSAs will stop at severe core damage, thus not developing
into a full-scope PSA. These safety analyses are to be carried out jointly by
the licensees and the Nucler Power Inspectorate, The results of the analyses
are to be reported to the Swedish government in an ASAR (As-operated Safety
Analysis Report).
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Plant-specific systems reliability analyses of all Swedish plants will
thus foe performed during the period 1982-90 as a part of the ASAR program,
The utilities are responsible for carrying out the analyses, the Inspectorate
will review them on completion. This first phase of the Swedish national
reliability evaluation programme will also have the objective of increasing
the awareness of the capabilities, limitations and use of the reliability
methods rather than developing principles for safety goal discussions. Some
key elements in this reliability evaluation programme are'

Very detailed plant-specific fault and event trees developed and
reviewed in close co operation with senior planl operation arid
maintenance personnel to provide a detailed map of system functions and
interdependencies and to identify sequences that are main contributors
to the probability of core damage;

Extensive use of computer graphic techniques to facilitate doted led
documentation, modification and analysis;
Use as far as possible, actual component data from the Swedish
reliability data bank for nuclear plants, which is continuously updated.

Thus, the principal objective of the Swedish programme is to introduce
reliability engineering for continuous use in the operation and maintenance of
the plants, e.g.
- Establishing the basis for systematic evaluation of operating

experience when analysing disturbances and incidents, keeping track of
component and system reliability and their effect on plant safety;

Planning and reviewing plant modifications;
- Training plant personnel in system functions and interdependences,

facilitating their awareness of the safety significance of various
operational and maintenance tasks.

Thus any safety and reliability goal considerations must be dynamic;
they must also be given time to develop simultaneously with promotion of
vigorous application of reliability engineering. In this context, the
definitions of formal, quantitative probabilistic safety goals seem less
important than the actual knowledge and safety awareness established within a
high-quality systematic reliability evaluation programme at each plant. Only
when a number of plant specific PSAs have been performed with given and known
levels of detail, relative comparisons seem appropriate between event
sequences and later between plants.

Finally, it should once more be underlined that a close monitoring of
operational experience is the best assurance of keeping operational safety
high — and the only way of verifying PSA results and creating public
confidence in them.

The aim is to find outliers or high risk contributors so that design
improvements can be made. In mid-1987 when 10 plants have been PSA analyzed
several improvements have been made on the basis of having a well-balanced
design [14], The next step is to utilize the results further. In Sweden a
project named SUPER-ASAR has just started. It aims at studying the
differences between existing PSAs and plant differences, which might lead to a
common approach for comparing the safety between different design concepts.
It will also give the answer to uncertainties observed from one study to
another.

45



5.2.11

For the licensing of nuclear power plants in Turkey the Turkish Atomic
Energy Authority (TAEK) has established a basic safety philosophy and
principles [15]. The mandatory safety principles are that

- the supplier should provide the plant with all the safety systems which
are necessary according to his own experience and which comply with the
regulations, codes and standards applicable.

- the plant also should be licensable at the home country of the
supplier.

- the supplier should show a reference plant or reference standard design
for the proposed plant.
The compliance of the design with regulations in the following order of

priority should be shown subject to any special instructions or requirements
requested by TAEK:

TAEK regulatory guides
- Regulatory guides in supplier's country
- Those USNRC regulatory guides required by TAEK

IAEA safety guides on safety of WPPs

Detailed external hazard analysis is required for the licensing of the
site. Probabilistic approaches as well as deterministic techniques are used
to determine occurrence frequencies. The value 10-7 per year for the
occurrence probability of an external hazard is taken as a criterion for the
inclusion as a design basis event [16],
5.2.12 UNITED KINGDOM

1. From a regulatory point of view there are no formal PSC but rather a
set of principles which are required to be met as far as is reasonably
practicable. Where quantitative principles are involved these are
intended as guidance as to what is likely to be accepted if adequately
justified. The principles are not intended to be mandatory
requirements since the plant designers must be allowed appropriate
flexibility. However, there is an overall requirement to reduce risks
as far as reasonable practicable.

2. In respect of probabilistic guidelines at a lower level than public
health there are quantitative principles expressed in relation to
accident sequences. These principles are displayed in Figs. 3 and 4 and
may be summarised as:
a) For accident sequences, with an estimated release which would lead

to greater than 1 ERL, with an initiating frequency of less than
10—3 — 10—4/year there should be one effective safety system
capable of preventing or mitigating the accident. An ERL (Emergency
Reference Level) is a level of dose, specified in a variety of ways
(thyroid, whole body etc.), which acts as a trigger point for
particular action. In the case of the diagrams it is a convenient
division of the spectrum of releases.

b) For accident sequences as above but with a frequency of greater than
10-3-10-4/year there should be two effective safety systems.
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The barriers referred to in Figure 3 are any system which reduces
the frequency or reduces the consequences of an accident sequence.
They haue a similarity to the French concept of a "line of defence".

This situation is supported by the principles that a safety system
should usually not haue an unreliability greater than 10-3/demand, and that
for a safety system employing identical redundancy common cause failure is
likely to limit the reliability to a range between 10-3-io-5/demand.
There is no principle stated for the summated frequency of accident sequences
but the implication for individual accident sequences is that their frequency
should be less than lO-7/year,

3. At a lower level than accident sequences there are no quantitative
probabilistic principles although some are implied. Such implications
include probabilistically based deterministic engineering principles.
a) Single failure criterion
b) Requirement for diversity in safety systems
c) Testing intervals to ensure reliability
d) No operator action sooner than 30 minutes

4. The CEGB, the operating utility, also have design safety guidelines
which are intended to provide guidance to designers on safety matters.
In the current context these guidelines provide various reliability
targets:

a) Total probability of an uncontrolled release to be < 10~6 per
reactor year

b) Any single accident giving rise to an uncontrolled release to be
< 10-7 per reactor year.

At a lower level there are also reliability based targets (or minimum
claimable levels) for initiating events, safety systems and in some
cases components.

a) Protection system unreliability better than 10~3/demand
b) Common cause failure lower limit of approximately 10-5/demand
c) For a safe shutdown earthquake (defined as > 10~4 per year)

failure of safety systems will be < 10-3 per demand.
In addition there are quantitative guidelines on the limits beyond
which it would be undesirable for safety system reliability to be
worsened as a result of maintenance, (planned or unplanned) or testing.

5. In neither the case of the Nil or CEGB guidelines are the probabilistic
statements intended as absolute criteria. They are, however, intended
as giving guidance to both designers and assessors with regard to the
acceptability of various safety related aspects of plant design and
operation.
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5 2,13 UNITED STATES OF AMERICA

In the United States, probabilistic safety criteria haue been used in
several cases at both the safety function and safety system level. However,
at the present time there is no legal requirement for a nuclear plant utility
to demonstrate that a particular safety system or function meets a specific
reliability goal. Rather, the primary appliction has been for the Wuclear
Regulatory Commission to use PSC to evaluate the reliability of specific
safety systems and functions as input to determine if reliability improvements
would be justified. In these cases, the primary criteria have been derived
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from top level goals relating to core melt probability or cost/benefit
considerations in which benePit is estimated in terms of averted economic
losses resulting from the accident, including public health effects. The
following examples serve to i) Instate these applications:

A. Safety System Applications
3n these cases safety systems have been evaluated against a reliability

criterion derived from core melt probability. The systems examined have been
auxiliary foedwater for PWRs, reactor shutdown (A1WS) for BWRs and D.C. power
supplies for both BWR and PWR types. In the case of the BWR reactor shutdown
system, the evaluation led to a generic regulation prescribing specific
required design features, but which did not specify a numerical reliability
requi

8. Safety Function Applications
examples of safety function applications include decay heat removal and

AC electrical power. Cn the case of decay heat removal, the !\IRC is in the
process of developing criteria which are expected to bo derived primarily from
cost/benefit considerations and therefore involve the preparation of level 3
(full scope) PSA analysis. The reliability of the decay heat removal function
is computed as part of the PSA, and a cost/benefit assessment is performed to
evaluate potential reliability improvements. This evaluation is being
performed on several specific plants which have been selected on the basis of
screening criteria to have a potentially low reliability decay heat removal
function. Tn the instance of AC electrical power, the criteria are derived
from core damage probability considerations. This evaluation is expected to
result in a prescriptive regulation which specifies requirements for on-site
emergency AC power systems. These requirements will vary among the plants on
the basis of the probability of core damage from loss of off -si te power.

In addition to these efforts, the U.S. Department of Energy is
developing a document evaluating the application of PSft to future reactor
designs. This effort will include considerations of developing PSC at the
safety system/ function level.

This description has focused only on the most recent important
applications of PSC at the safety system/function level. There has been a
large number of other applications and uses of PSA in the U.S. Since the
publication of the Reactor Safety Study (WASH-1400) in 1975, there have been
some 30 full scope PSA studies completed for U.S. reactors. The U.S. has also
recently published top level safety goals [17] which are based on public risk
levels. The Nuclear Regulatory Commission has also just completed a major PSA
effort on five different plants which incorporates the latest in PSA data and
methodology [18].

6,2.14 YUGOSLAVIA

At the moment there is no formal rule or regulation requiring the use
of probabilistic safety criteria in Yugoslavia. The country's only operating
NPP Krsko was designed and licensed in accordance with deterrninistically based
regulations. These regulations were adopted from the USA for that purpose.

For the future development of nuclear power in Yugoslavia there is a
need for its own set of regulations. Probabilistic criteria are very useful
for countries which do not have a well developed set of rules regarding
nuclear power as a whole, because one high level criterion enables usage of
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different basic rules (for example rules of the country of the reactor vendor)
and can still satisfy the overall safety objective.

Hawing in mind all the advantages of a probabilistic approach to plant
safety it was decided to include high level PSC in the new law which regulates
radiation protection and nuclear safety. The law camo in force in November
1984, but the act which prescribes rules for siting, construction,
commissioning and operation of nuclear facilities is still in its first
draft. This act defines the radiological risk as the product of probability
of occurrence of a nuclear accident and its consequences, defined as the dose
of the most exposed individual. Regarding nuclear accidents, radiological
risk so defined is proposed to be lower than one micro Sievert per year
(uSv/y) for the individual outside boundary of the plant, but this is not
applicable to events with frequency of occurence lower than 10E--7/year. This
definition and number are still under strong dispute, but the final version of
the Act is expected to be finished later this year.

It is to be expected that probabilistic safety criteria at the system
or function level will be derived from this high level objective.

As an example of one particular approach, the use of a limited scope
PSA for the assessment of the temporary modification of the electric power
supply system at Krsko WPP is worth mentioning. As the plant was designed and
licensed deterministically and electric supply is very plant specific, results
of other PSAs could not be used for the reference. The study was performed to
assess the possibility for prolonged operation with the second off-site power
source unavailable. The basic idea was to assure that the plant safety would
not be degraded below a safety level defined by allowed outage time (approved
technical specification) for the second independent off-site power source.
Using the probabilistic models, the original system configuration was
analysed, and its unavailability was used as the target value for
unavailability of the modifed system. Although the results of the study were
not favourable (mainly because of uncertainties which could shift the result
in both directions), it gave an insight and encouraged future use of
system/function level PSC,

The PSC at the system/function level derived from existing PSAs will
find its use after completion of level 1 PSft for Krsko NPP which is under
way. The results of the level 1 PSA are going to be compared with other PSAs,
especially in the system/function area. If a certain system/function
reliability measure is significantly different it is expected that this
particular system will be analysed again to reveal the source of difference.
This will serve as a guidance for possible hardware or software backfittings
in the plant.
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6. SUGGESTIONS FOR FUTURE WORK

There was general agreement regarding the Agency's activities to
provide a plaLform for experts discussions of the different concepts regarding
PSC and their (possible) applications. Compilations of the different
approaches, practical examples and lessons learned can serve as reference
documents for countries against which they can compare own developments and
results of PSAs. Eventually this could lead to a consensus on type and
structure of PSC and possibly also on their numerical values.

The experts also agreed that the establishment of PSC is closely linked
to a standardized PSA analysis procedure. Therefore the IAEA's efforts to
develop guidelines for conducting PSA are endorsed. Of particular importance
arc

a common language and classification system;
a standardised data base and methods for using data;
unified methodologies in particular regarding modelling of human
reliability, common cause failures, and external events;
methods to assess and account for uncertainties.

tn this context there is the need for performing benchmark exercises
and comparing the different calculation bases in PSAs.

A controversial issue remained a suggestion to develop a unified
approach to radiation safety which was made and substantiated as follows:

Over recent years there have been a number of approaches to the
so-called "interface" between the systems for regulation and control of normal
and accidental exposures to ionizing radiation. These have taken place in the
context of, for example, the need to establish procedures for assessing the
safety of radioactive waste repositories, and the desire to consider the
interaction between routine exposure of workers and safety-related maintenance
or inspection requirements.

Should a unified approach to radiation safety evolve from this
continuing dialogue the consequences for the probabilistic safety criteria at
the safety function/system level would be far—reaching.

A unified approach to radiation safety is needed not only to enhance
the coherence of the current situation but also because there are practical
difficulties in applying consistent and logical safety principles for a wide
range of sources and exposure scenarios. Wotably, in nuclear power plants
vthere are few probabilistic safety criteria for limiting the unavoidable
chance of occurrence of accidental exposures that have reached the level of
international consensus. This contrasts with the number of international
recommendations, standards, and criteria that are in use for the same source,
but limited to certain exposures only. On the other hand, there is a growing
problem of interfacing radiation protection and safety problems in cases, as
in nuclear power plant operations, where there are different principles
applying to certain and to potential exposures. In fact, in some cases an
increase in the protection against exposures that are certain, implies a
decrease in safety for potential exposures and vice versa. Only a coherent
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and consistent approach to radiation safety in general can cope with these
situations.

It seems therefore that an obvious recommendation for the future
development of PSC at the safety function/system level is that any efforts
should be made to explore the possibilities of using coherent and consistent
radiation safety criteria.
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APPENDIX

This appendix highlights some of the problems associated with an adhoc
(see 4.4.1) di«aggregation of a high-level PSC into lower-level PSCs with the
help of a simple example.

i)

ii)

We consider a simple plant consisting of two safety function (xi,
X2). Failure of either one would cause an undesirable consequence.
It is desirable to constrain the probability of this consequence by the
l i m i t value of K. Assuming that the rare event approximation is valid
(throughout this example) we have

X1 (i)
Function xj requires both systems A and B while function X2
requires only system 8. Thus the two functions are interdependent,

A + B (2)

B
xl -- x2 H A (4)

iii) There are limiting values for system unavailabilities that can be
practically achieved (ao, bo) for systems (A,B) respectively.

ft < B < bo
The disaggregation approach described earlier would consider equation

(1) alone and would choose any combination of Xj and X2 that satisfy it.
In fig. ft, where the possible values of xl, x2 are depicted as points in a
two-dimensional space (xj , X2), this approach would mean choice of any
point in the triangle A E 0. In particular, points on the line AE exactly
satisfy the high-level constraint (1).

Fig. ft: Two-dimensional space for two low-level PSC (xi, X2)
and some implicit and explicit constraints.
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There are, however, the following problems associated with this
approach .

1. Wot all the points in the triangle AEO are possible combinations
although they satisfy (1) because of the dependences introduced through
expresseion (2) - (4) and the limiting values (a0, bo) . Sections
A8IQ and EDHO of the triangle AEO represent infeasible combinations of
values (xj, X2) by virtue of (2), (3), arid (5). Any combination
chosen on the segments AB and DE would be impossible to realize. Thus,
the space of feasible solutions is reduced into the triangle BFD.

2. Because of the dependence among the two functions (Eq. 4) there is a
further constraint, depicted by the line CG in the figure. Only the
area CDF represents combinations of values (x^, X£) that satisfy
all the constraints of the problem. If by coincidence the
disaggregat ion approach chooses a point on the segment CD, then that
choice would be compatible with the rest of the constraints.

3. Area BCF is a region in which x^ dominates x2- That means that
choice of a point, (e.g. y in fig. A) in that region would imply values
(xl> X2) both of which cannot be exactly satisfied. Satisfaction
of xi implies a maximum possible value for the second, X2( which is
less than X2- The pair (xi, X2*), that is point y in Fig. A,
imply a lower value for the top-level criterion. The same value is
nevertheless, achieved by any point on the segment

The problems outlined above might seem simple enough and arnainable to
an "informal consideration". When the number of functions, and systems grows
to anywhere near their actual sizes, however, "informal" determination of the
feasible space FCO even for the same fundamentally simple type of constraints
is not possible any more.

It is noteworthy that the second procedure previously outlined would
present a higher degree of confidence that one is "working" in the region FCD
because the models of "similar" designs necessarily provide "points" in that
region.
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BASIC PRINCIPLES FOR CHOOSING NUMERICAL
CRITERIA AT THE SAFETY FUNCTION LEVEL

D.J. HIGSON
Australian Safeguards Office,
Australian Atomic Energy Commission,
Kings Cross, New South Wales,
Australia

Abstract

Safety assessment criteria are generally specific to the industry
or activity to which they are applied. The traditional approach to
determine appropriate reliability levels is based on the experience.
This approach is clearly inadequate when considering the protection
required against rare events.

In order to avoid the deficiencies of an arbitrary or ad hoc
approach, criteria at the safety function level should be related to
rational overall safety objectives. The relationship to criteria at the
human safety level is explored in this paper, followed by a discussion of
the implications of using human safety criteria for this purpose.

Introduction
Safety assessment criteria are generally specific to the

industry or activity to which they are applied. For example, criteria
for chemical plants have been related to potential explosions or
releases of toxic materials; criteria for nuclear reactors have been
related to potential core-melt accidents or releases of radioactive
materials. Comparisons of various safety practices have demonstrated
a very wide range in their overall implications, eg risks to
individuals and the implied costs of saving a life. If criteria are
expressed in terms of the incidence or probability of injuries or
fatalities, the possibility of harmonizing assessments for all
potentially hazardous industries may in principle be addressed.

Criteria for overall safety of an industrial installation (of
the type described in the foregoing paragraph) do not apply to
component systems which perform functions necessary to ensure safety
of the installation. At the safety function/system level, criteria
are not merely specific to the industry. They are specific to the
systems performing the function. For this purpose, it is most
practical to express criteria in terms of the specific function and
the reliability with which performance of the function is required.
Systems may then be specified in engineering terms which can be
implemented and verified in design, construction and performance.
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This raises the question of determining the appropriate levels
of reliability. The traditional approach to this question is
summarised in the Third Report of the UK Advisory Committee on Major
Hazards, as follows:

"The search for engineering reliability is as old as technology
itself. In the past boilers exploded, bridges collapsed and
ships sank. Each generation tried to learn from the mistakes
of the past and to make new designs safer."

Clearly it is inadequate to rely entirely on such experiences
when considering the protection required against hypothetical accident
sequences, or against failures which have rarely or never occurred.
one way of coping with this problem is to use the "best available
technology" as a counter to hypothetical design base accidents.
Another is to transpose engineering practice from similar or
comparable situations in which it is accepted as safe. However, such
approaches do not guarantee that the technology or practice is good
enough to meet the given requirement, or that it is cost-effective in
the given situation.

In order to avoid these deficiencies of an arbitrary or ad hoc
approach, criteria at the safety function level should be related to
rational overall safety objectives. The relationship to criteria at
the human safety level is explored in the next section of this paper,
followed by a discussion of the implications of using human safety
criteria for this purpose.
The Relationship Between Safety Function Reliability and Human Safety.

The following equations relate to one potential accident only.
The example chosen is an uncontained loss-of-coolant accident in an
LWR, because this should be entirely familiar to all readers. The
example, and its treatment here, are drastically simplified in order
to use it for the purpose of illustration.

F(UL) «= F(RC) P(EC) P(CON) ................ (i)C(UL> = B(UL) c ........................... (2)
R(UL) « F(UL) C(UL) ....................... (3)

where F(UI»)

F(RC)

p (EC)

p(CON)

the frequency (per year) of uncontained loss of
coolant accidents.
the frequency (per year) of reactor coolant circuit
failures.
the conditional probability of failure of the
emergency cooling function, given the failure of
coolant circuit.
the conditional probability of failure of the
containment function, given the failures of coolant
circuit and emergency cooling.

C(UL) - the consequences (fatalities) of an uncontained loss
of coolant accident.
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B(UL) - the release of radioactivity (Bq) in an uncontained
loss of coolant accident.

C « the consequences per unit release of radioactivity
(fatalities per Bq).

R(UL) - the risks from uncontained loss-of-coolant accidents
(fatalities per year).

The two probabilities of failure have been described in terms
of functional failure rather than system failure, because there would
be a number of systems involved.

The consequences of the accident (and hence the risk) may be
considered in terms of the probability of fatality for an individual
(individual risk) or total fatalities (societal risk). B(UL) is a
fraction of inventory and therefore proportional to reactor power.
For civil power reactors, it would probably be within +/- 30% of a
nominal value. The consequences per unit release (c) would not be
likely to vary greatly from site to site for estimating maximum
individual risk, because the members of the public at greatest risk
would usually be (or be assumed to be) at about one km from the
reactor, ie at the site boundary. For societal risk estimation,
however, C might vary considerably from site to site, and would also
be subject to significantly greater uncertainty.

Confining attention first to individual risk, the greatest
scope for variation therefore lies within equation (l). It has
already been concluded by this Committee that a reasonable objective
for individual fatality risk is about 10~6 per year. One dominant
fault sequence would need to meet a lower objective, say 10~7 per year.

Assigning fairly high numerical levels to the factors which
contribute to equation (3), as follows:

F(RC) <=• io~2 per year
p(EC) - p(CON) - io~2

C(UL) •= it)-1

gives R(UL) - lo~7 per year, thus indicating that technology would not
be stretched to its limits in order to meet this criterion for human
safety. F(RC) as high as 10~2 per year would presumably reflect a
situation unacceptable to operators and to regulatory authorities. On
this basis, therefore, there appears to be scope for reduction of risk
below the objective and/or trading-off one safety function reliability
against the other. A more rigorous analysis would be needed to
confirm the validity and generality of these tentative conclusions,
but intuitively they are not unexpected. The scope available for
trade-offs and reasonably practicable reductions of risks do need
confirmation for these and other safety functions.

Compliance with societal risk criteria could, in principle, be
handled in the same way. However, this would require bringing the
characteristics of the site into the analysis, as discussed later in
the next section of the paper.
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Criteria for Human Safety
The illustration of the relationship between criteria at the

safety function level and human safety level is given in the previous
section of this paper mainly as a basis for some comments upon the use
of human safety criteria in this context.

The first of these is that public safety may not be the
appropriate basis for safety function requirements. It is necessary
that public safety be assured, but perhaps it is not sufficient.
Members of the general public are normally outside the reactor site
boundary, ie some one km or more distant from the reactor. Workers on
site are much closer to the reactor, possible at much higher risk, and
must also be protected.

It is normal for process workers to accept higher risks from
the process than do members of the general public, for a number of
reasons, eg:

(i) workers derive benefit from their employment;
(ii) workers have a better understanding of the risks through

training and experience;
(iii) workers can be controlled and monitored*.
Practices recommended by the ICRP for planned exposures in

radiation work, and safety practices in other industries, indicate
that risk limits or objectives relating to hazards from accidents in
industrial plants might reasonably be set 10 times higher for
occupationally exposed persons than for members of the general
public. Even allowing for this, there may be situations in which the
safety of workers would be more limiting and should therefore
determine criteria for safety functions. There is also the question
of whether workers such as office staff at a plant should be
classified as occupationally exposed to risks for this purpose.
Probably they should (in relation to accident risks not to routine
exposures) but, if not, they are more likely to be the "limiting
group".

A second comment is that major accidents are likely to cause,
within the site boundary, higher risks of fatality due to acute health
effects than to latent health effects (eg cancer). Even minor
accidents may be capable of causing acute health effects to workers.
(However, the risk of acute effects falls relatively rapidly with
distance from the plant.) It has been suggested that different
criteria should apply for risks of fatalities from acute effects
compared with latent effects, eg that a weighting factor of three
should be applied to reflect the greater importance of the former
because of their greater life shortening effect. This would
accentuate the importance of worker safety in setting criteria for
safety functions and systems, and limit the importance of site
selection.

However, routine health checks and monitoring of workers are
not relevant to the control of accident risks.
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A third comment is that criteria at the human safety level
generally include some form of cost-benefit trade-off. At the safety
function level, the equivalent criterion could be seen as merely
seeking the most cost-effective way of achieving the required
performance and reliability of systems. Alternatively, there could be
trade-off between safety functions, and reduction of risks as far as
reasonably practicable, based upon the costs per unit of risk
achievement and per unit of risk reduction. Studies in Australia have
indicated that, once criteria are met for individual risk from nuclear
plant accidents at a specific site, it would be difficult to justify
further reduction of risk on simple cost-benefit grounds.

However, some of the larger cost implications at the level of
human safety are related to site selection and to any differences in
engineered protection requirements for different sites, consideration
of a trade-off between these two aspects of controlling societal risk
would require the evaluation of c, as in equation (2), in terms of
total fatalities. For example, various standards of containment may
be required in order to meet societal risk or cost-benefit criteria,
depending upon the proximity of sites to centres of population. It is
not clear to what extent such a trade-off would be acceptable or
practical, and it might also be at odds with any move towards
standardised approaches to engineering. However, there seems to be
little point in carrying out detailed optimisation studies unless
these major potential cost variations are included. If they are not,
it would be logical to base criteria at the safety function level upon
criteria for individual human risk only. Consideration should be
given to defining a hypothetical "critical group" of individuals for
this purpose, as is done in the assessment of routine exposures.

Conclusions and Recommendations
1. Criteria at the safety function level should be related to
criteria at the human safety level in such a way as to ensure
compliance of plants with the latter. It appears that this gives
scope for cost-effectiveness trade-offs between requirements for
various safety functions, and potentially between safety functions and
site selection.
2. Trade-off between engineering safety functions and site
selection involves some major cost variables. It is not clear to what
extent such trade-offs are practicable.
3. if there cannot be a trade-off between engineering safety
functions and site selection, criteria at the safety function level
should be related to criteria for the safety of hypothetical
individuals at greatest risk.
4. Depending upon the relation between risk criteria levels for
individual workers and for members of the general public, the safety
of workers may determine criteria for safety functions.
5. if on-site risks determine criteria for safety functions,
consideration needs to be given to the relationship between risk
criteria levels for fatalities due to acute health effects and for
fatalities due to latent health effects.
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NOTE: This paper expresses the personal views of its author for
presentation to the IAEA Technical Committee Meeting on "Probabilistic
safety criteria at the Safety Function/System Level" 26-30 January
1987. It does not necessarily represent the views of his employer or
of the Australian Government. Terms and concepts used are the same as
those used in the Report of the IAEA Technical Committee Meeting on
"Status, Experience, and Future Prospects for the Development of
Probabilistic Safety Criteria", 27-31 January 1986. It is assumed
that readers are familiar with the latter document.



AECB'S CONSULTATIVE DOCUMENT C-98

A. WILD
Atomic Energy Control Board,
Ottawa, Ontario,
Canada

Abstract

The paper discusses basic aspects of a guide which has been deve-
loped to clarify general principles for reliability analyses of
safety related systems in nuclear reactors. The guide should be
used for reliability analysis carried out to support applicationfor a licence or to fulfill a licensing requirement.

Background

Since the early 1960's, the Canadian nuclear industry has used
probabilistic criteria for assessment of the adequacy of special
safety systems. Experience has confirmed the general usefulness
of that concept, but has also indicated some difficulties which
had to be addressed.
A licensing requirement for special safety system is that the
unavailability of each system should not exceed 0.001 . When therequirement was formulated, the safety systems were considered
reasonably self-contained, and successful initiation meant in
general a success of the whole operation. Under those conditionsthe terms availability, reliability, and probability of success
became synonymous, and boundaries of the systems appeared self-
evident. However, as the power and performance of reactors
increased, the complexity of special safety systems also
increased. A contributing factor to this increase in complexity
was a better understanding of reactor safety, including the
realization that for some types of upsets it is not only moreeconomical, but often also safer, to give the process control
systems sufficient time to act before a safety system is invoked.
It was also recognized that (with the exception of shutdownsystems) the safety systems were more dependent on support
systems, such as electrical power and instrument air, thanpreviously thought.
In a modern nuclear power reactor, the definition of the boundary
of a safety sytem is not self-evident and must be carefully
defined. Also, the definition of system failures is elaborate
because of the interaction between systems. These aspects, and
some others must be taken into account to ensure that the
numerical values used for comparison with probabilistic criteria
are meaningful.
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Basic aspects

The Atomic Energy Control Board, which is responsible for
licensing of nuclear power reactors in Canada, specifies
objectives and performance requirements, but does not issue
directives on the use of specific analytical techniques. A guide
"Requirements for Reliability Analysis of Safety-Related Systems
in Nuclear Reactors" has been developed to clarify performance
requirements in the area of reliability analysis. The word
Reliability in the title is used in a general dictionary sense
and it is not limited to the narrow meaning used in reliability
engineering.
The guide identifies the following basic aspects of reliability
analyses:
1) The recognition that a reliability analysis should be a part
of a process which continues (with various degrees of intensityand appropriate changes of emphasis on various aspects)
throughout the life of the analyzed system.
2) The need to define clearly and unambiguosly the system to be
analyzed and the boundaries between it and other systems.
3) The need to identify clearly, comprehensively, and in
measurable units those failures of the analyzed system -
including failures of its components and supporting equipment -
which could lead to undesirable consequences.
4) The need to include in reliability analyses comprehensive
coverage of all factors which could affect the reliability of thesystem, without a priori assumptions that certain factors can be
excluded.
5) The need to ensure that reliability analyses are consistent
with the as-built plant and with the operating procedures.
6) The need to ensure that reliability analyses of connected
systems or subsystems are compatible and consistent with each
other, and also with other pertinent analyses refering to these
systems or sub-systems.
7) The need to ensure that data used in reliability analysis are
demonstrably valid.
8) The necessity that a reliability analysis be documented with
sufficient clarity that it can be readily and reliably used and
audited by personnel other than the analyst.
9) The necessity that a reliability analysis be documented in
such a way that it can be verified by test and observation during
the complete life of the analyzed system, and in such a way that
it can be maintained in an up-to-date state if design or
operational changes are made to the system, its components, or
supporting equipment.
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Systems Engineering Approach

Although the quide does not say it explicitly, it is apparent
that it is based on what is known as the Systems Engineering
Approach.
This approach is based on the recognition that today's systems
are too complex to be fully understood by one person. Also, allanalyses are based only on the knowledge and data available at
the time of the analysis, and therefore are only hypotheses which
have to be confirmed (or rejected) by a feedback from future
observations.
This does not mean that the Systems Engineering Approach does not
recognize "competent analysts", but that "competence" must be
defined in a proper context. It is known that major errors, or
even catastrophies, can result if a person acts beyond the
boundaries of competence. The Systems Engineering Approach tries
to prevent the occurrence of these problems by alerting all
involved - including the management - that the limitation of the
domain of competence is natural, and therefore special
precautions and known procedures should be followed to ensure
successful completion of a task, whatever it may be.
In the particular case of reliability analyses the Systems
Engineering Approach requires that an analysis not be considered
a separate subject just for specialists in reliability analysis.
The definition of a system failure in a realiability analysisshould be clearly related to a requirement or an assumption in a
performance analysis or a safety analysis. The definitions of
boundaries of systems and subsystems should not be arbitrary, but
should be related to the definitions used by operating and
maintenance personnel. The assumptions on operating practices
should be defined in such a manner that they can be compared with
the present status. The reliability analysis must therefore bedocumented and presented in a form which can be understood also
by specialists in fields other than reliability. The term"understood" does not mean that everybody should be required tounderstand the intricacies of some numerical probabilistic
techniques, but it should allow the specialist in another field
to correctly identify and discuss problems at the interface ofthe specialties.
The numerical result of an analysis is important, but, even more
important is the insight gained by the analysis of the factors
affecting the results. An analysis is primarily a tool for
communication between various specialist. This is the reason for
the emphasis on clear documentation, and proper definition of
analyzed systems, definition of boundaries and - in the case of
reliability analyses - of definition of system failures.
Also, a reliability analysis should not be considered an isolated
task. The AECB guide therefore stipulates that all reliability
analyses should be part of a continuous process. The guide does
not use the term "Reliability Program Plan" which is common in
the aero-space and telecommunications industries, but it tries to
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achieve the same objective by stating in the first section of the
guide:
" It is the responsibility of the applicant (when applying for
construction approval) to define how reliability analyses will be
used in the design and safety assessment of the facility,
including:
a) the organization and interaction of various groups involved in
design, operation and reliability analysis;
b) the systems which will be analyzed;
c) the reliability analysis techniques which will be used and a
justification of their adequacy."

Definition of analyzed system

From the viewpoint of reactor safety it is important to assess
the probability of success for a safety function. A reliability
analysis deals with the probability of failure of a specific
system. However, several systems - and also other factors - may
be involved in a single safety function, and one system may be
involved in performance of several safety functions. Also, many
systems depend on, or may be affected by, operation of other
systems. Some terms (e.g. "Containment") or acronyms (e.g.
"ECCS") are so familiar to everybody in the nuclear industry,
that it seems strange to ask for a definition. But these well
known terms can be a major contributor to misunderstandings. Does
ECCS mean a function or a system, and if it is a system, what is
included, and does the probability of success include only
initiation of operation (and this may be only under non-accidentconditions), or does it include also prolonged operation? The
identification of factors and the numerical value of probability
of success vary widely depending on the precise definition of the
problem, and thus on the definition of the analyzed system.
The guide does not prescribe how the analyzed system should be
defined. This is the responsibility of the licensee. But it may
be expected that in accordance with well established engineering
practices the analyzed system will be defined by a description of
the system function and by an identification of the system
boundary. A description of the system function would then include
a summary of the design intent, identification of operating
modes, description of operation in each operating mode (including
performance characteristics, environmental limits, mission time,
constraints on maintenance and repair, initiating conditions and
operations for transitions from one operational mode to another),
and a list of applicable documents, such as drawings,
specifications, operating procedures and engineering data
required for a proper understanding of system functions in
anticipated conditions. The system boundary which defines the
interaction and interface with other systems and the environment
would be described by identifying the particular functions (e.g.
electrical supply of AC 115V/250VA) and the parts (e.g.
connection to fuse box 6554-PL125S-S2-012) which form the
boundary. Considerable care is necessary to ensure that
definitions of system boundaries will not create overlaps or
gaps between adjacent systems.
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A proper definition is required not only for the whole system but
also for its parts, and all factors in the analysis. Many systems
in a nuclear reactor are channelized, sometimes due to functional
requirements, but very often for increased reliability. The
channels may not be fully independent, either because
independence can not be achieved, or because independence would
decrease overall reliability due to an increased number of parts.
The total number of parts is very large, but the reliability
analysis must keep track of all of them, because an inconspicuous
cross-link between two sub-systems may increase the probability
of system failure by several orders of magnitude. The guide
therefore explicitly requires a definition of a scheme which
provides for assignment of a unique identification to each
different event or factor, while ensuring the same identification
to identical events or factors. Such a scheme should make it
possible to relate each event to the specific components to which
it refers. Also, if the function of the analyzed system depends
on the function of a support system which is analyzed separately,
the same scheme should be used for both analyses, so that the
system analyses can be terminated at the system boundary with an
event, failure, or other factor which will have the same meaning
and identification as its counter-part in the analysis of the
support system, so that the latter analysis effectively forms a
continuation of the former.

Definition of system failures

Each reliability analysis report must clearly define what
constitutes failure of the analyzed system, including failure of
its components and supporting equipment. The defined system
failure must be related to the overall safety assessment of the
reactor (in the Safety Report or other documents submitted in
support of the licence application). The definition of system
failure should include the following:
a) system or equipment fails to function when required. This
includes both the inability to function at the time of request
and the loss of the ability to function during a period in which
the function is or may be required;
b) system or equipment does not cease to function on command (ifapplicable);
c) system or equipment spuriously starts functioning (if appli-
cable) .
The definition of system failure should not depend on the
chosen analytical method or its application. However, this may
not be always the case. The present requirements in Canada do not
ask for detailed reliability analysis of the whole plant, but
only for reliability analysis of major safety related systems.
The basic analytical technique generally used by licensees is the
Fault Tre,e method. Under these conditions it is possible to
overlook some adverse effects of failures, or even of normal
operation, of systems installed for safety. A simple example is
the ECI system which injects into both the inlet and outlet
headers, and failures or misoperation of some valves could
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cause cooling starvation of the fuel by creating a by-pass for
the flow of the coolant. Cooling starvation is not a failure of
the analyzed ECI systems, but it is an important problem which
had to be solved by the use of special check valves in the ECIsystem. These check valves decrease the overall reliability of
the ECI system, and it is easy to visualize that somebody might
be tempted to improve the reliability of ECI by removing them -
without being aware of the potential flow starvation problem.
Other examples of this type of problems are less transparent and
can be found especially in support systems (overloading of
busses, or draining of reservoirs, etc). The guide therefore
states that reliability analysis should also address those
failures of the analyzed system which can cause a serious process
failure or failure of another system with implications on
safety. It is recognized that this requirement is somewhat
incongruent. However, the alternative would be either to ask for
the complete analysis of the plant, or to require use of FMEA
(Failure mode and effect analysis). While the FMEA is a powerful
technique, which could be used more extensively in the
probabilistic analysis of nuclear reactors, it does not seem
suitable as a basic technique, mainly due to the difficulties
with presenting the results in a form which can be readily
understood.

Preferred techniques

Selection of a suitable technique for reliability analysis is the
responsibility of the licensee. The guide does not define either
the preferred techniques, or their selection. For those few case
where the wording of the guide might be influenced by the
selected techniques (as in the case of extension of the system
definition explained above), the quide assumes that - in
accordance with the present position - a preferred reliability
analysis technique should exhibit the following characteristics:
- It produces a model that promotes understanding of the
principal ways in which the analyzed system can fail and the ways
in which failures can be prevented or their impact reduced;
- It is capable of predicting the required reliability
characteristics for a system with a given complexity which is
operated and maintained under a given set of conditions;
- It provides a reasonable assurance of completeness;
- It can be employed in a cost effective way by a variety of
practitioners for a wide variety of systems in a manner that is
traceable, repeatable and verifiable;
- The results of the method are in a form which enhances
understanding, communication and the use of results.

The requirements on the technique show that no single technique
can always satisfy all requirements, and that different
techniques must be applied for different problems. However, to
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ensure consistency of analyses, and to simplify retrieval of
information, one technique should be established as the anchoring
technique, especially for presentation of results.
The fault tree is considered a suitable technique for the
analysis of complex systems consisting of several cross-linked
subsystems which may have contradictory requirements, especially
when the design also requires the involvement of various
specialists who may have different sets of priorities. As the
majority of safety systems in nuclear reactors correspond to this
definition of a complex system, the fault tree technique isexpected to become the anchoring technique for reliability
analyses of safety systems.
The preference for fault trees as an anchoring techniques does
not mean that the fault tree should become the only technique
used. If the failure mode of interest is loss of system function
and the structure of the analyzed system can be represented by a
reliability block diagram (for some systems this is not
possible), the resulting block diagram is more compact than the
corresponding fault tree. Therefore a reliability block diagram
for a simple system which fits on a single sheet of paper, maygive a more clear representation than a fault tree which in
general needs a computer tool to assist in review. Also, for
systems, or equipment, in which failure of any of its parts leads
to a loss of system function, the parts count analysis techiqueshould not be overlooked. Use of complementary techniques is
generally acceptable as long as the requirements for proper
identification of boundaries and proper identification of factors
(event.s) are satisfied.

Conclusion

The reliability technology allows prediction of potential
problems before they result in deteriorated reliability. It
provides techniques for comparison of actual equipment
performance with pre-established reliability targets.
Reliability analysis techniques should not be used haphazardly. A
properly established reliability program involves a discipline by
which each task is performed in a way that is consistent with the
risk from the problem, thus focusing resources on the most
important problems.
The nuclear industry until recently has not employed the most
modern methods of reliability technology. However, this is
quickly changing. One sign of this is the relatively large
representation of the nuclear industry on the IEC/TC56 (Technical
Committee on Reliability and Maintainbability). The Canadian
nuclear industry and the AECB (which just celebrated its 40th
aniversary) support thiese activities. The guide C-98 onRequirements for Reliability Analysis of Safety-Related Systems
in Nuclear Reactors is a contribution to this endeavor.
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Appendix

CONSULTATIVE DOCUMENT C-98
Proposed Regulatory Policy Statement

REQUIREMENTS FOR RELIABILITY ANALYSIS OF
SAFETY-RELATED SYSTEMS IN NUCLEAR REACTORS

1. INTRODUCTION AND SCOPE

1.1 This document defines general principles for reliability analyses of
safety related systems in nuclear reactors.

1.2 This document should be used whenever a reliability analysis is carried
out to support an application for approval of construction or for renewal of a
licence or to fulfill a licensing requirement.

1.3 It is the responsibility of the applicant when applying for approval of
construction to define to the satisfaction of the Atomic Energy Control Board
how the reliability analysis will be used in the design and safety assessment
of the facility. The information that must be provided includes:

(a) the organization and interaction of the various groups involved in
the design, operation, and reliability analysis;

(b) the systems which will be analyzed and their design reliability
requirements;

(c) the reliability analysis techniques which will be used and a
justification of their adequacy.

2. GENERAL REQUIREMENTS

2.1 Any reliability analysis performed to satisfy licensing requirements
should be part of a process which starts at an early design stage and
continues appropriately throughout the operating life of the analyzed system.

2.2 Reliability analyses must be consistent with the detailed design
requirements of the analyzed system, and must address all permissible modes of
operation of the system.

2.3 Boundaries between systems or subsystems must be clearly and unambiguously
defined. Reliability analyses of connected systems or subsystems must be
fully compatible and consistent with each other.
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2.A Reliability analyses must be consistent with the approved plant design
and with the operating procedures in accordance with information available at
the date stated in the reliability analysis report.

2.5 A procedure must be established for determining the changes between the
information used in the analysis and the current status. This procedure
should address:

a) design changes anticipated but not implemented;

b) design changes made subsequent to the analysis;

c) differences between actual operating or maintenance procedures and
the procedure assumed in the analysis;

d) differences in actual component and system performances from those
assumed in the analysis.

3. DEFINITION OF SYSTEM FAILURES

3.1 Each reliability analysis report must clearly define what constitutes
failure of the analyzed system, including failures of its components and
supporting equipment. The defined system failure must be related to the
overall safety assessment of the facility (in the Safety Report or other
documents submitted in support of the licence application).

3.2 The definition of system failures of special safety systems or
safety-related systems should include the following.

(a) The system or equipment fails to function as required. This
includes both the inability to function at the time of request, and a
loss of ability to function during a period in which the function is, or
may be, required.

(b) The system or equipment does not cease to function on command (if
applicable).

(c) The system or equipment starts functioning spuriously (if
applicable).
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3.3 Where possible, failure criteria should be stated in units that can be
verified in practice by inspection or testing.

3.4 The reliability analysis should provide a comprehensive coverage of all
factors vhich could cause system failures, without a priori assumptions that
certain factors can be excluded.

3.5 The reliability analysis should also identify any failures of components
of the analyzed system which could have safety implications for systems or
equipment other than the system being analyzed.

4. DOCUMENTATION

4.1 Each reliability analysis performed to satisfy licensing requirements
must be documented with sufficient clarity that it can be readily and reliably
used and audited by personnel other than the analysts.

4.2 A reliability analysis used in the licensing process must be documented
in such a way that it can be verified as far as practicable by test and
observation during the complete life of the analyzed, system, and in such a way
that it can be maintained In an up-to-date state if design or operational
changes are made to the system, its components, or supporting equipment, or if
reliability data for any components or systems require modification.

4.3 Each event or other factor in a reliability analysis must be identified
in accordance with a defined scheme. Such a scheme should provide for the
assignment of a unique identification to each different event or factor.
If the same event or factor occurs more than once in the analysis, it should
be assigned the same identification. The scheme should make it possible to
relate each event to the specific component or components to which it refers.

5. RELIABILITY DATA

Data used in a reliability analysis must be demonstrably valid.
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THE USE OF PROBABILISTIC RISK ASSESSMENT
FOR THE DESIGN OF A HEAVY WATER ISOTOPE
PRODUCTION REACTOR

Rui Ding CAO
Beijing Institute of Nuclear Engineering,
Beijing, China

Abstract

This paper describes the application of probabilistic safety
assessment for the design of a heavy water isotope production research

roactor in China.

The study provided the basis for decisions on design changes and
discovered deficiencies in the design and in basic parameters including
the largo equivalent reactivity of the s h J m control rod.

Among the main insights it was found that the emergency ventilation

system is a most important engineered safty system to control outside
doses and that the shim control rod ejection is so serious that it has to
be avoided in every possible way.

Introduction

Before 1975, the safety study for a few reactors in China
was confined to several traditional subjects in a narrow scope,
for example, analysis of start-up accident, loss of power, cont-
rol rod assembly withdrawal accident and so on. Of course,
incorporating analysis of simplified LOCA of small size. The
background of doing so lay an lower neutron flux, lower power
density and their location far away high population density areas,

During the period from 1976 to 1982, the Heavy water Isotope
Production Reactor (HtflPR) was under design in china, the
features of HWIPR are high enriched fuel, high neutron flux
and high equirvalent reactivity of single shim rod. Moreover,
the site selected for HW1PR is situated in a village not far
from a. midle city with several hundred thound people. Seeing that
the event at TMI happened in 1979, the whole society paid
attention to every reactor, large or small, built or to be built.
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At that time, the high authority demanded that the comprehensive
safety study of HWIPR, especialy, risk assessment should be done,
in order to refer what was called the maximvm credible accident
and its consequence to the relative superiors. In response to
the demand, a group of engineers experienced in reactor safety
were organized to take part in the progrram. So far as the
reseach effort was concerned, it was the first drive at applying
WASH-1400 methdology to assess the safety and operational
characteristics about nuclear reactor in China.

At the begining, we collected information, identified all
the event sequences which might lead to radioactivity escape
from HWIPR, constructed simplified fault trees and event trees.

Using computer programmes, most of them were manual ones, eval-
uated probabilities of the events , then some radionuclide release
quantities in certain courses of severe accidents. Naturally,a
series of specif ic calculation reports, experiment results
underlie the simplification about event sequences. With the
result that a final repor of risk assessment for HWIPR was
submitted. The conclusion was that some modification on general
arrangraent, system design and reliability level should be made,
so as to be in conformity to a number of safety criteria publ-
ished by IAEA, NRC and high authority in China.

For concretness, listed below are some principal parameters
of HWIPR:

thermal power 1 10 Mw
working life ^0 years

1 A *2thermal neutron flux max. 2.5X10 n'/cm sec
moderator and coolant JX^O

enrichment Q?>%
fuel material U-All
number of fuel assemblies 61
maximum equivalent reactivity of shim rod -0.017

The reactor was mainly to be used for producing high reactivity
cobalt - 60, as we know, a kind of useful medical radioactive
isotope, during that period, the majority of the isotope was
imported from abroad.
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Safety philosophy for HWJPR
If large quantity of radioactive material inventoried in reac-

tor core, heavy water and spent fuel storage pool escaped into air
and river, onto ground, even in resident area, the serious damage
to people's health and properties would occur. Thus a wide range
of requirments with design, construction» operation and site
selection are very strict, so as to guarantee safety of people.
Such as, establish necessary specific safety guideline, take
conservative design arrangement, choose high quality equipments,
persist in having much bigger operation safety margin, etc. in
addition, a series of fault discriminating systems, emergency
ventilation system, reactor shut down system, auxiliary coolant
system and so on are provided for ensuring minimum accident
consequence.

Undoutedly, the final safety goal pursued with reactor plant
would produce no risk to public health and property at all,
taking high level measures can approach to the goal, but it is
impossible to reach it. Obviously, the safety to reactor plant
depends upon inherent safety, capacity of control and protect
system, engineered safety features and the like designed by
designer. The requirment of absolute reliability means not only
complet right design, but also possession of capability with-
standing any external event. From the point of view of probability,
the fuel rod failure, heavy water leakage, some radioactive
material entering environment are all inevitable, variation is
only a matter of magnitude. Therefore, the realistic safety goal
should be minimization of risk, equal to or lower than that the
conventional plant possesses.

The main radioactive resources in HW1PR are as follows:
inside reactor core: 61 fuel assemblies contain

4.85X1O8 curies
tritium in heavy water: 1.12X10 curies
spent fuel assembly storage pool: the time there is maximvm

amount of radioactivity storage in the pool corresponds to three7days after reactor shutting down, the amount is about 6.67X10
curies.

To prevent radionuclides from releasing into environment,
multiple physical barriers were considered in the course of design,
such as, fuel itself, cladding, coolant pressure boundery, leak-
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proof building, etc. It is in operation that a large quantity of
radioactivity comes into being, most of them ( 98̂ ) will remain
inside cladding on condition that fuel rods are cooled properly.
The fuel failure rate assigned by designer is one per reactor-
year, in normal condition, the fuel rod core temperature is well
below inversion temperature at which the fission gases enter
heavy water from fuel core alloy much easily. As a matter of
fact, the temperature, is about 750°C, only when heat generat-
ion supasses heat remove rate, heat balance loses, fuel rod
overheat ami melt down in some extent, the temperature, 750 C,
would come out on the other hand, the environment contamination
would not occur without break of pressure vessel, primary loop
and major heat exchangers, enven if a few of uel rods melt down.
Expectation of event and estimation of risk

The basic principal for safety design: frequent events should
cause hardly any damage to health of inhabitants neerby and
invironmental consequence. On the other hand, the probability of
the accident with serious potential consequence should be
decreased somehow to permissible minimal value.

As for the basic design of HWIPR, the potential events
anticipated after operation are as follows:

Mid-frequency events: fuel rod failure; control rod drop
accident; an uncontrolled control rod assembly withdrawl under
the critical condition; loss of outside power; coolant flow fall
in a loop by 2QP/° rated value; pipe break or rvpture; helivm leak-
age; refuelling machine fault; operator's misoperation; critical
accident in fuel storage pool; electric system fault inside
plant, etc. The responce to above most of events would often be
demand to shut down the reactor, take rectified measures to
recover normal operation as soon as possible. Under the circum-
stance the airborne release and the wast water drainage would
be conducted in line with correlative regulation rule.

Rare events: control rod withdrawal sequence fault; inadver-
tent loading of a fuel assembly into an unproper position in
case of starting up or power operation; loss of coolant in
subchannel surrounding fuel rod; cobalt target holder disassembly;
instrument pipe break or rupture; small seal critical accident
in storage pool; superpower accident; a fuel assembly melt down;
helium tank break; pressure vessel break; LOOA; control rod
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ejection; Hot fuel assembly stuck in refuelling machine; loss
of coolant in fuel storage pool, etc.

Of the above events, 17 kinds of events were evaluated by
means of dedicated computer programir.es. The studies we had
performed showed that 9 kinds of events would release a great
deal of radionuclides out of fuel assembly or primary loop
boundery, but only 6 kinds of events would have strong impact
on environment. In fact, the risk from the 6 kinds of events
would be bigger enough to cover up others. In the course of
design of HtfIPRf just these hypothetical events Dominated
choise of several primal parameters, such as, temperature,
pressure and a set of safety margins. Furthermore, these marg-
ins were applied for establishing operation spacification which
all the important functional components, equipments, process systems
and engineered safety features', etc.would have to satisty.

Presented below in a table are brief inllustration of the
main results. Seeing that one of the most important goal of
the study was to thoroughly investigate the acceptability
of the calculated risk by comparison of "the criterion for
reactor safety and site selection", a figure below is also given
in order to inllustrate some findings come from the effort.

As seen in the table and depicted in the Figure, the study
had provided basis for making decision on plant design change, or
more correctly, it had led to discovery of design deficiencies,
even some unreasoning basic parameters chosen. For instance, the
equivalent reactivity of shim control rod, -0.0167, was too
big, the reliability of drive machanism and the mechanical
restraint to the control rod was a little small, in case the
shim control rod ejection happened, enormous reactivity excursion
would cause power burst. The overpower analysis shouwed that the
reactor power would rise up to 12.53 times the rated power in
0.2 second following a shim control rod ejection, with the result
that reactor core would melt down at all and the envivonmental
hazard would become disastrous, the risk for the event would
go beyond F.K.Farmer1 curve. Therefore, the kind of event should
be avoided by means of changing design. In additon, the key
component in emergency ventilation system is the iodine
scavenger which has capacity for decreasing amount of I
escaping out of refuelling hall in case of some event by the
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TABLE 1. INITIATING EVENT AND RISK

No initiating
event

1 a fuel assembly

2 target disassembly

3 helivm tank break

4 RPV break

5 LOCA

6 control rod eject-

frequency
1 /year

1/30

1/30

1/30

1X10"'

5X1 0~5

1X1 0~6

major count ermeasures
and ant 1 -event
facility

heavy water purge and
helium system
heavy water purge and
helium system
emergency ventilation
system
Eccs an<i emergerncy
ventilation system
Eccs and emergerncy
ventilation system

totall release risk
curies curies/year

u.65X10f>

1.1X107

minute
amount

1.5X10' 3.0X10"̂

3.25X105 1.13X10"2

4.0X10° 3.5X10
ion

7 hot fuel assemly
stuck in refuelling
machine

8 critical accident
in storage pool

9 loss of coolant
in storage pool

6X10',-5 emergency ventilation
system

1.19X10

trented as DBA

2.5X10-2

Explanation: there ar« some blanks left in the Table because the analyses of event sequences
relative to the blank values wer qualitative partly.

10'

10"

io-J
103

10-

10-'
IQ'«

10"'

10 10' 101 10* 10' 10' 10' 10*
a: RPV break
b: Hot fuel assembly stuck in refuelling machine
c: LOCA of middle size
d: Control shim rod ejection

FIG.1. Study results plotted with F.K. Farmer "Reactor Safety and Site Selection Criterion".
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two orders of magnitude, yet its reliability designed orig-
inally only 99 per cent, this value is so small that the risk,
for example, from the hot fuel assembly stuck in refuelling
machine would reach F.K.Former's curve, for this reason, the
reliability of iodine scavenger was required raising up to
more than 99«9 per cent. So far as the loss of coolant in
spent fuel assembly storage pool, having gone through half
qualitative analysis, it is treated as design basic event.
In general, the spent fuel assembly storage pool is second in
amount to the reactor core. The maximum amount of fuel radio-
activity stored in the pool corresponds to the amount that three
days after refuelling the fuel assemblies in the i_ool contain.
Although the pool is not situated within the refuelling hall,
filters in the spent fuel storage pool ventilation system
and natural deposition of radioactivity within th« building
both would aid in reducing the amount of radioactivity that
might be released to the environment in the event of loss of
coolant in the pool. The most probable ways in which the event
could occur have been determined to be the perforation of
the bottom of the pool. It could occur by dropping heavy part,
cask or equipment being lifted in the pool or on the top edge
of the pool. Owing to a variety of initiating factors and
uncertainties, it is rather complicated to evaluate the event
sequence in detail quantitatively.

Main Conclusions
1. During HWIPR working life, a lot of events might happen leading
to radioactivity release into environment, but large-scale
radioactive material release in a short period into air would
be unlikely.
2. The extent of surffering nuclear hazard would depen on distr-
ibution of inhabitance, meteorology, geology and the property of
accident, apart from the first and the third that would be
unchanging to certain degree, the property of accident would
chiefly reflect what kinds of nuclides and how much of them
to be released. With respect to b ological effects, I acts
as govening factor, using. I as comparision base, the resu-
lts showed that among the several ten events, only two kinds
of event or event sequence would be impermissible, namely,
the shim control rod ejection and the hot fuel assemby stuck
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in refuelling machine withthe emergency ventilation system
failing.
3. The emergency ventilation system is most important engin-
eered safety system, especialy key component, iodine scavenger,
can mitigate conseouence of iodine release by two orders of
magnitude, its reliability should not be less than 99-9 per
cent, or else, in case of rare accident the personnel dose and
population dose would be impermissible, the risk from the hot
fuel assembly stuck in refuelling machine would go beyond F.K.
Farmer's curve too.
4. Some hypothetical events would cause death hazard to working
people in veactor building in case of the events happening, the
radioactivity on site would rise up to 10^10 times the
permissible dose, therefore the main building and some import-
ant auxiliary building should be air tight buildings.
5. The hot fuel assembly stuck in refuelling machine has maximum
risk, that is to say, the event is the maximum credible accident,
wich would be treated as basis for licensing.
6. The shim control rod ejection is so serious that it has to be
advoided by means of every possible way.
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PROBABILISTIC SAFETY CRITERIA USED TO
EVALUATE LOSS OF OFF-SITE POWER

B. TOMIC*
Rudjer Boskovic Institute,
Zagreb

M.DUSIC*
Republic Energy Inspectorate,
Ljubljana

Yugoslavia

Abstract

When the malfunctioning transformer T3 at KrSko NPP caused the loss of
second independent off-site power source, plant's Technical Specification
required its repairment in 72 hours time period or plant should be brought to
the hot shutdown (cold shutdown after 108 hours). Because it was not possible
to repair the transformer on time, the KrSko NPP asked for the temporary
change of Technical Specification based on several improvements which could
be accomplished in fairly short time period. The probabilistic study was
preformed to calculate relative effectevness of the improvements.

1.INTRODUCTION

KrSko NPP is a Westinghouse 2 loop plant, and it was built in accordance to
the US General Design Criteria, which requres two independent off-site power
sources. The existing technical specifications for that plant stress: If the
available AC power sources are one less then the LCO, power operation may
continue for the period not to exceed 72 hours, provided the system stability
and reserves are such that a subsequent single failure (including a trip of the
unit's generator) would not cause total loss of off-site power. If the source is
not restored whitin 72 hours, the unit shall be brought to the cold shutdown
state within the next 36 hours.

On the Dec/09/85 unavailability of second off-site power source was
revieled, due to the malfunction of the auxiliary transformer. It was expected
that malfunction could be repaired in a relatively short time period, but longer
than 72 hours allowed by the to Techspec, so KrSko NPP asked the permission
for temporary change of Technical Specification, following the several
improvements in AC power supply. To asses the influence of proposed
improvements the overnight estimation was performed and this paper presents
the way it was done.

* Present address: Division of Nuclear Safety, International Atomic Energy Agency, Vienna.
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2. EVENT DESCRIPTION

During the routine surveillance, on Dec/09/85 the malfunction of the
auxiliary transformer T3 (110 kV/6.3 kV) was discovered. T3 connects KrSko
NPP with the overhead transmission lines to Brestanica gas turbine plant which
serves as the second independent power source. In the normal power
operation, this transformer is in the stand-by position.

The plant is connected to the 380 kV grid through its own swichyard. The
generator power is transmitted to the swichyard via two 21/380 kV
transformers (GT1 and GT2), and to the plant buses via two 21/6.3 kV
transformers (Tl and T2). Following the failure of 380 kV grid and plant's
generator, power to the plant is supplied via 110 kV transmission line (and
malfunctioning T3). 110 kV transmission line can supply power from the
Brestanica, which is about 7 km far, or from 110 kV grid (which has several
other smaller plants connected). It is worth mentioning that Brestanica GTPcan
cut off all the other consumers, separate from the 110 kV grid and feed only
the KrSko NPP. Plant is also equiped with two diesel generators, rated 3.5 MW
each, which can feed safety buses only. Figure #1 shows the simplified one line
diagram.

380 kV
SWICHYAHD

GT1
4OOMVA '

400/21 kV r~Y~Y~V\

GT2

MAIN GEN

STA.AUX.XFMR
105/a3 kV

T1
UNIT XFMR

30 MVA
21/63 kV

DG1 DG2

MD1-
-T3

- [>--coi "nr-oGz

UNITXFMR
30 MVA

21/6.3 kV

-T3

6.3kV 6USMD1 6.3 k V BUS MD2

FIG.1. Electric supply to 6.3 kV buses.
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In 72 hours time period, the cause for the transformer malfunction was
identified, but failure could not be repaired. Bearing in mind that the T3 could
be repaired or replaced quickly, KrSko NPP asked for extention of the time
specified by the Techspec on account of several improvements. The proposed
improvements were:

1 ) NPP operates at 50 % reduced load

2) Increased reliability of 380 kV grid

3) Forming of the emergency team to disconnect the each of the
four transformers (T l , T2, GT1, and GT2) within one hour

The proposed improvements have to be commented in more detail.

The first improvement is due to one feature which this plant, contrary to
the some other plants, has. That is a possibility of staying on plant house load
after loosing the grid connection at 100% power level. This feature was tested
several times, during start-up tests and later, during scheduled shutdowns, but
the plant never succed from the 100% level. The test was successful at the 70%
power, and it was eipected that there is a resonable chance for the plant to
stay at its house load from the 50% power level.

The second improvement was mostly based on dispatching service actions.
The dispatchers were given the orders to treat KrSko NPP as the pirme user
instead of producer in case that something goes wrong with the grid. In the
case of total grid breakdown, they should first brought reliable and fast
starting hydro plants on line and provide power to KrSko NPP without
attempting to recompose the whole network. This, of course, does not give any
reduction in unavailability due to severe weather conditions.

The third improvement was thaught to upgrade the availability of power
supply in case of short circut on the main or plant transformers (GT1 and GT2
or Tl and T2). Although the transformers faults are of very low frequency, in
the specific situation they have greater importance for the plant safety buses
energy supply, due to specific electrical system design which doe« not allow
disconnection of the single transformer affected by the short or ground (no
circut breakers in between the transformers). Therefore, single failure on each
of four transformers would cause simultaneous loss of two energy sources,
main generator and the 380 kV grid. One hour was chosen on the bases of
realistic time to disconnect the affected transformer by trained team with
adequate tools and drawings readily available.
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3. PHILOSOPHY OF THE ANALYSIS

Several experts thaught that deter ministicly based technical specifications
are not adequate and consistent throughout the plant, so one study was
performed to calculate the probability of loss of power to the safety buses. The
results showed that the probability of loss of power for the 10 days period is in
range of 10~*. No numerical safety criteria existed which could serve as the
bases for comparison, or could justify further plant operation based only on
that absolute number.

Having that in mind we tried to find a way to compare existing layout with
the situation after the proposed improvements were done. To justify the
prolongued plant power operation we needed the acceptability treshold line,
actually the probabilistic safety criteria. The technical specification
requirement was something acceptable to the regulatory body. The idea was to
prove that the proposed improvements could relatively "upgrade" the existing
system in the way that the same risk level is reached after a longer time
period. That would enable repairement or even replacement of faulty
transformer without shutting down the plant, and therefore avoiding rather
high expences.

The only way to post the RELATIVE safety criteria was to make the
probabilistic time dependent model of the electrical system without second
independent off-site power source and to plot its curve against the time, what
means to predict its probability of failure at the end of given time period. After
that we were able to model the improvements and to plot the model against
the time to see when the same risk level (probability of failure) would be
reached.

The main reason for assesing the improvements in relative manner was
limited time and recources, actually the study has been performed overnight.
To perform study with aim to get the absolute unavailability (or risk) number
would require much longer time. Because of that we calculated only the rough
value for unavailability of all A-C supply to the safety buses. As we were not
interested in consequences of loss of power, results were presented in
risk/consequences form.

Following simplifications were made in the study:
-only the main elements of electrical system were considered in the study
-common cause/common mode failures were not considered
-component failure data for fault trees quantification were taken from

literature, and some from plant operational expirience.
-only the mean values were calculated
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We were avare that by trying to calculate the absolute numbers all this
simplifications would lead to possible large errors, but by using the results in
relative manner the errors introduced by mentioned simplifications tend to
diminish, because they apply more or less equally to all calculated variants.

To conclude, by analysing the KrSko NPP electrical system as described we
were able to prove whether the temporary change in Tehnical Specifications
based on proposed improvements was acceptable.

4. METHOD OF ANALYSIS

The bases for comparison, as mentioned above, was the risk as defined by
the Technical Specification and therefore acceptable, what means the
probability of loosing power supply to the safety buses in duration of 6 hours
after an initiating event with Brestanica GTP out of service for 72 (+36) hours. 6
hours was choosen arbitrary, assuming no recovery action in that period.

To calculate this we defined three distinguished situations, and for each of
them calculated the avability of AC power on safety buses:

1 ) Plant in normal power operation

2) Plant with second independent off-site power source
unavailable

3) Plant with second independent off-site power source
unavailable, but introducing proposed improvments

To be able to calculate the real situation, we had to define initiating events
whose occurance would cause power disturbances. These were:

a) Main generator trip

b ) 380 k V grid failure

c) Short or ground on any of four transformers

For all 9 cases, i.e. l.a.b.c; 2.a,b,c; 3.a,b,c we calculated risk according to
formula:

R - A O C
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where
R| is risk associated with the particular sequence of events

A j is frequence of initiating event

QJ is the probability for the loosing of all AC power in 6 hours
after the occurance of initiating event

C are consequences.

As we did not intent to evaluate what is actually going to happen with the
plant (in terms of possible core damage), our results are in terms of
risk/consequence ( R/C )

5. FAULT TREES

For the system modeling we used fault tree methodology, taking into
account only main, most important elements, what was possible due to only
relative calculation. From the fault trees we wrote the following Boolean
expressions for each of mentioned cases.

The basic tree Boolean expression is:

0 - (XI + X2 + X3X4) (X5X6) (X7 + X8 + X9 + X10 + XI 1X12)

From this eipression we obtained the following for our 9 cases:

Qla - (XI + X2 + X3X4) (X5X6) (X7 + X8 + X9 * X10 + XI 2)

QIb » (XI + X2 * X3X4) (X5X6) (X7 + X8 * X9 + X10 + XI 1)

- ( X I + X2 + X3X4)

Q2a - (X5X6) (X7 + X8 * X9 + X10 * X12)

Q2b- (X5X6)

Q2c- (X5X6)
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03a - Œ5X6) (X7 + X8 + X9 + X10 + 0.1 X12)

Q3b- (X5X6MX7 X10)

Ql (X5X6MX7 .1 X12)5h

I
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FIG.2. Simplified fault tree for the electric supply to 6.3 kV buses.
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6. FAULT TREE QUANTIFICATION

To quantify the fault trees we used combination of literature data and
plant eipirience as shown on Table *1 below.

Component

2 )Cir cut breaker s
MD

Table # 1

Value

lE-6/h

Source

1 ) Transformers
T1.T2,GT1,GT2

T3

lE-6/h

2E-6/h

Generic

Generic + plant experience
(1 reported failure)

Generic

3) Diesel generators
a) failure to start 3E-2/d

b ) failure to run given start l E-3/h

Generic

Generic

4) 380 kV grid failure 5E-5/h Experience ( 1 event in 3
years)

5) 110 kV grid failure (include
Brestanica GTP failure and
110 kV grid failure- no power
f r o m l l O k V i n N P P )

2E-5/h Experience ( 1 event in 4
years)

6) Probability of staying
on the house load after
loosing 380 kV grid

a) 100 X power
b) 50 % power

0.0
0.5

Plant experience

Using this values we obtained the probabilities of loosing of all AC power
to the safety buses in time period of 6 hours after occurance of initiating event,
as shown in the table #3.
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7.INITIATING EVENTS

As pointed above, to cause any power disturbances, there must be an
initiating event. All the initiating events which could possibly cause the loss of
electric supply to the safety buses were divided into three broad categories.
The "generator trip" event covers all the sequences with origin inside the plant
( all reactor trips are followed by turbine-generator trip), "grid failure"
sequences outside the plant, and the transformers, whose failure could affect
the power supply were treated as the separate group. For each group we
calculated the probability of occurence per hour what enabled the comparison
of different, time dependent sequences.

Data were based on the plant's operating eiperience only, although 380 kV
grid related data were not very reliable because we did not have enough data
for meaningful statistics. Transformer failure frequency was taken from the
literature. Final values used in the analysis are shown below:

Event

Table *2

Value Source

Î ) Generator trip UE-3/h

2) 380 kV grid

3) Transformers

5E-5/h

4E-6/h

Plant experience, 35
generator trips from
01.01.83 up to now
(include all scheduled
and unscheduled trips)

Plant experience ( 1 event
in 3 years)

Generic, failure of each
is an initiating event

8. RESULTS

Following the described procedure and using calculated Qj values
(probabilities for the loss of power supply) and A,- (frequences of initiating
event), we got the final results in accordance with the equation

Rj/C
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Table #3 summarize the results and gives the values for normal
configuration, configuration with Brestanica GTP unavailable and configuration
with the introduced improvements.

Table *3

la) 1.IE-11 1.33E-3 14.6E-15
b) 1.5E-7 5E-5 7.5E-12
c) 1.8E-7 4E-6 7.2E-13

R/C - 8.23E-12/h - 7.2E-8/year

2a)
b)
c)

4.3E-7
1.2E-3
1.3E-3

1.33E-3
5E-5
4E-6

5.72E-10
6E-8

5.2E-9

R/C - 6.85E-8/h ~ 5.76E-4/year

3a) 8.5E-8 1.33E-3 1.13E-10
b) 6.1E-4 5E-5 3.1E-8
c) 9.9E-4 4E-6 3.9E-9

R/C - 3.4E-8/fa - 2.98E-4/year

9. CONCLUSION

Results of the analysis reveal several interesting conclusions. Based on
this, limited scope analysis (and some other expert's opinion), regulatory
authorities were able to reject the request from the KrSko NPP for temporary
change of the Technical Specification, so the plant went into the cold shutdown.

The loss of second independent off-site power source Brestanica GTP is of
extreme importance for the reliability of the NPP-s safety buses power supply.
Probability of loosing power supply after occurance of each initiating event
increases at least three orders of magnitude.

All the proposed improvements ( these are also the only improvements
which could be realised in rather short period) can diminish the probability for
loss of power for less then the order of magnitude.
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Among the proposed improvements, generator staying on the house load in
case of 380 kV grid failure has the dominant influence. The calculation was
performed using value of 0.5 for generator staying on the house load. Later we
varied the probability between 0.25 and 0.75 and it showed how the curve is
dependent on variation of this improvement only.

Figure #3 presents the final results in form where one can easely see the
Technical Specification limits ( horisontal lines) with acceptable (according to
Techspec) risk/consequences on 72 and 108 hours after loosing second off-site
power source. The upper curve shows the basic configuration without the
second independent off-site power source (Brestanica GTP), and it crosses the
Techspec lines at 72 and 108 hours, respectivily.
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0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600
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FIG.3. Criteria determination.
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FIG.4. Relative comparison between basic and improved models.
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FIG .5. Generator probability variations.

The lower curve is one introducing the improvements. It can be noticed
that with improvements plant can stay in power operation for about 140 and
210 hours (respectively) before exceeding the risk levels which are acceptable.

Two small curves present improvement curve with generator staying on
house load probability of 0.25 (left) and 0.75 (right). They offer an example of
how sensible improvements curve is to generator staying on house load
probability. If 0.75 probability for generator can be assured, the plant could
stay in operation for almost 400 hours and still be under the acceptable risk
level. Contrary to that, probability of 0.25 with other improvements included
gives only about 20 hours time until the acceptable risk level is exceeded.
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EXPERIENCES OF PSA METHODS IN SAFETY REVIEW
AND UPGRADING OF NUCLEAR REACTORS IN SWEDEN

L. CARLSSON*
Swedish Nuclear Power Inspectorate,
Stockholm, Sweden

Abstract

The paper describes the framework for PSft activities in Sweden.
Several research projects have been initiated to support the regulatory
requirement on doing PSA on all Swedish plants. The findings and
experience obtained within the program is described and plant
modifications have been introduced. Based on the result from reviewing a
number of plant specific PSA's a comparative review project named
SUFER--ASAR has been started.

As Operated Safety Analysis Report. ASAR.
the Frame Work for Safety Review

The Swedish nuclear power plants were all taken into operation over a
period of 13 years from 1972 to 1985. The ASAR program started in
1981 resulting in the first report to the Government in 1983 for the
oldest plant Oskarshamn 1. The second in order was the Ringhals 2
plant, a PWR. In 1985 the ASAR for Barsebäck 1 and 2 was safety
evaluated. Ringhals 1 has been reviewed by SKI and submitted to the
Government in 1986.
The ASAR consists of a review of

Administrative Control of Safety
Routines for Operation and Maintenance
Training and Personnel
Operating Experience
Material, Control and Environment
Systematic Reliability Analysis (PSA)
Safety Analysis and Introduced Measures for Increased Safety
Future Safety Work

The effort of the overall program for each ASAR is in the order of
15-20 manyears and SKI uses 10-20 per cent the SKI part is for
reviewing the analysis and writing the report to the Government.

* Present address: Division of Nuclear Safety, International Atomic Energy Agency, Vienna.
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The status of the different parts of the probabilistic safety
analyses carried out is given in table 1.

TABLE 1. COMPLETED AND ONGOING PROBABILISTIC SAFETY ANALYSIS IN SWEDEN

ASAR INITIATING EVENTS
LOCA'S TRANSIENTS

EXTERNAL EVENTS
FIRE FLOODING EARTH QUAKE OTHER EVENTS

83/8<4
P86

85
85
8H/85
83/8<4
P87/88
P88
P87/88
P88

01
02
03
BJ
B2
Rl
R2
R3
R«
Fl
F2
F3

83
P86
86
85
85
83
832'
P
P
P
P
85

86
P86
86
85
85
83
83 2)
P
P
P
P
85

(KS01)

3)
P86 P
P86 P
P86 85 P
P86 P P

3)

P
P
P
P
P
P

P « ONGOING/PLANNED
* « SEISMIC ANALYZED

1) WIND, HEAVY tOADS, MISSILES ETC
2) INCIUCHir SHUT DOWN SITUATION
Ï) EARTH PUAfE DES1PNED
KS01 = CABLE SEPARATION

Experiences from the Review Group's Point of View

Reviewing a PSA is not an easy task due to several problems. The main
problem- is that the report is an enormous collection of available
information from all aspects of nuclear safety.
The aim with the review of the Swedish PSAs has been to be able to
reproduce the calculations performed on fault trees and draw the
conclusions based on a detailed knowledge of how the analysis was
carried out. For the first studies this work proved to be much harder
than was estimated from the beginning.
Very little effort from the analysist was devoted to produce a report
that would be a "living document". This effort has improved over the
last studies and today the material is much easier to reproduce and
to modify as the review proceeds. As the number of safety studies
increases the time per study devoted to discuss the significance of
certain safety features has been increased. Still there is a need for
improving documentation format to help others than the analysist to
understand what was done.
The computerized documentation systems DORISK, SUPER-TREE and CADTREE
are all a good step forward. However, the result presentation of
important systems and components could be better. Precent graphs from
the O3 study are very illustrative (Fig 1 and 2).
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FIG.1. Estimated contribution to the core melt frequency in O3.
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A = Loss of main feed water
B - Turbintrip with dumping inhibition
C = Spurious II-, IM- and IS-isolation
D = Loss of power (400 kV and 130 kV)
E = Large and medium LOCA
F = Other trips6 - Small pipe break inside containment
H = Large pipe break outside containment
I = ATMS

,-7

FIG.2. Estimated contribution of accident sequences to the core melt
frequency in F3.
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A systematic prodecure to draw fault trees is extremely helpful for a
reviewer. When SKI started to study Ringhals 2 great difficulties
were observed. In order to simplify for the reader a certain grouping
of events was done within the R2-study. This turned out to be more
complicated for the reader. The report also contained other fault
trees than the ones used in the calculations. One experience of this
is to use documentation formats that are reproducable. Another oneis
that if someone in the review team is given the possibility to
participate or observe the original work a lot of engineering time is
saved.
Another experience is that the review team should consist of engi-
neers with different specialities. Operator knowledge is of great
help in interpreting the different operating modes of the plant and
to sort out detailed studies of some instructions. This does not mean
that the instructions should be left out the review but rather that
fault trees and event trees can much faster be checked for a general
credibility. In fact instructions have been improved as a result of
the review.
At SKI we found out that by using more resources on a short period
of time a better response is obtained than by spreading it out over a
longer period. We have "tried" both ways. As an example Barsebäck 1
and 2 were reviewed over 4-5 months of calender time and was a very
stimulating review to everybody.
Most plant improvements are already performed at the time for safety
review. The reason is of course the utility interest to improve the
plant and also that they now have the tool (PSA) to identify safety
improvements. Another benefit of reviewing is probably the fact that
the analysist knows that his work will be evaluated by other
engineers.

Areas of special concern
The three major questions raised in every review are:
- What should be included?
- How good is the analysis of operator team error?
- How is the common cause failures, CCF, modeled?
Our experience is that it is very easy to dream up things that have
been left out. But it is very difficult to motivate for further in-
vestigations since it is normally not seen as a contributer to core
taelt frequencies. However, the analysis of common cause initiators,
CCI, is an area that needs further attention.
-In the Ringhals 1 study some CCI-sequences have been shown. It is
otill necessary to look for others and analyse them as detailed as
bossible.
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The list could be long:

o Loss of one or more DC-busbars
o Loss of AC-busbars or other main electric component
o Different operating modes
o Failure in - service systems

- technical specification
- limit condition of operation

o Off site power failures
o Administrative errors - larger
o Operator error - larger
etc.

Several research projects have today the aim to look at CCF but still
the CCI seems to left out. The residual risk due to CCI must step by
step be scanned using the models developed the plant specific PSA. A
systematic search for new CCI is necessary using incident reports.
The present PSA analyses of operator team errors have been very
limited in scope. More emphasis is necessary to call it an analysis.
Of great interest is the systematic procedure that starts to develop
in the USA, (SHARP). One reason why results from different PSAs are
not immediately comparable is of course the modelling of operator
team errors. Différencies in estimates between similiar operations
could be a factor of 100.
Another comment regarding CCF is that modelling differs from one PSA
to another. It is not yet a mature science but shows where most know-
ledge must be obtained. It also shows the problem to introduce over-
all probabilistic safety criteria.

Upgrading of the Nuclear Power, Plants as a Result of PSA

Inappropriate subdivision of equipment power supplied over circuit
breakers____________________________________________________
The control functions of the different systems in the reactor are 110
v DC power supplied. The systems have been brought together in groups
and each group is protected by a circuit breaker. The systems of such
a group can be of four different kinds:

Situated inside or outside containment
Safety related or non safety related

During a LOCA situation earthfaults can be expected with high proba-
bility in non safety related systems situated inside containment as
the equipment is non environmentally qualified.
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In the actual analysis it was discovered that safety related equip-
ment situated outside the containment was grouped together with non
qualified equipment inside the containment (Fig 3). The objects
concerned were:

FIG .3. Schematic illustration of the dependence of circuit breakers.

lns,ide_containmentj.
Emergency stop switches of containment atmosphere cooling fans.
Control equipment for some main circulation line valves.

.containment
Control equipment for components in

Residual Heat Removal System
- Containment Spray System

Core Spray System

As Ringhals 1 was designed in 1968 it has not been possible to trace
the causes of this design weakness.
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The primary actions taken to reduce the risk of loss of the above
mentioned safety systems at a LOCA were to jumper out the emergency
stop switches of the containment atmosphere cooling fans. Secondarily
the consequences of jumpering out the control equipment for the main
circulation line valves should be examined.
Permanent solutions of the problems have been accomplished during the
summer outage 1984.
Thirdly a general investigation of all Swedish reactors was started
concerning the grouping together of control voltages for safety and
non safety related equipment over a common circuit breaker. This
investigation is still in progress.
This design violates the rule stating: when non safety related equip-
ment is supplied with electric power from the same power source as
safety related equipment any kind of failure of the non safety equip-
ment must not disturbe the operability of the safety equipment.
In the present case rather perpherial equipment has been connected in
a way which conflicts with this rule and which obviously can remain
unnoticed for a long period of time.
A systematic plant-specific reliability analysis, carried out in a
very detailed way, can obviously discover design weaknesses that are
not easy to find in other ways.

Temperature control in the closed cooling system for residual heat
removal and containment sprav system___________________________
In the list of top ranked important components for Ringhals 1 is a
three way valve that control the flow through heat exchangers. Design
modification of the valve (711V25, Fig 4) gives an observable
reduction in the core melt frequence. The failure mode is that the
valve could bypass the flow through the heat exchangers.

— -£2

E2

^HS
715

712
713
714

FIG.4. Intermediate cooling system for cooling of the residual heat removal containment spray.
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Independent drain system for emergency core cooling and containment
sprav system______________________________________________
Earlier a failure in the drainsystem for ECCS and containment spray
pumps led to filling of the enclosures with water. In order to
prevent this unwanted event extra redundancy was installed. The pumps
are built in enclosures to allow operation despite flooding in the
pump room.
This failure mode had a significant effect on the overall core melt
frequency for the Ringhals 1 unit.

Improvements in available information to the operator
In the review of Ringhals 2 it was observed that the study treated
feed/bleed operation as a well trained operating mode although no
instructions were available. This has now been corrected and the
assumed probabilities are more realistic.
Generally the Swedish PSA's take full credit for enviromentally
qualified equipment. This of course have great impact on the ope-
rators possibility to understand plant status in a given situation.
As a result the safety analysis of certain operator actions improved
instruments in the control room have been installed.
The list could be longer but here a to the probability of core melt
contributor to older BWR designs will be discussed.

History of clogged strainers
In 1976 the Finish Utility Imatra Voima Oy (IVO) presented results
from experiments to verify the ECCS operability under LOCA condi-
tions. The experiment defined a problem that the ECCS suction
strainers could become clooged in a LOCA situation by piping
insulation that could come down in the suppression pool. Asea-Atom
made a series of experiments to verify the function of the
strainers. Results from these experiments concluded that some kind of
improvements was neccessary.
The idea to solution was that backflush operations were made possible
from the central control room. System modifications started in 1977.
In the probabilistic safety analysis for Barsebäck 1 and Ringhals 1
the back-flush operation was identified as critical. In the Ringhals
1 PSA the result (Figure 5) was obtained by using the Human
Reliability Handbook and the insights gained from extensive talk
throughs. In the Barsebäck 1 PSA a time-reliability correlation was
used. The correlation is more conservative than the one used in
Ringhals 2 for human reliability assessments (Figure 6).
As can be seen in both Figure 5 and 7 the backflush operation is
important.
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RINGHALS 1

ml 1 Backflush operation in emergency core cooling system
DU 2 Manual trip within 1 minute
B 3 Manual action for feedwater system
ES 4 Manual action for auxiliary feedwater system
™ 5 Other operator actions

FIG.5. Operator errors.

»-5.

«MISÏBSCK 1

FIG.6. Time-reliability correlation.

Failure in
mechanical
systems (33 Ï)

Human errors (46 %)

Failure in electrical systems
,2 Ï
Failure in signal systems {-)

Dependent failures (19 %)

The relation between the contributions
from different failure causes.

FIG.7. Different failure modes for Barsebäck 1.
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LOCA outside cpntainjnents
Loss of coolant accidents that occurs outside containment is of
special importance since a path is open to the environment.
Two major upgradings have taken place one for PWR and one for BWR. In
Ringhals 2, (PWR) all pipe connections between low head safety
injection LHSI and the reactor coolant system have three checkvalves
in order to prevent overpressurarization on the LHSI side (figure
8). This overpressure could lead to LOCA outside containment. It was
observed that the checkvalves were not tested. Today they are tested
every year, it is also discussed that if the system was overloaded a
safety valve should open inside the containment to prevent a LOCA
outside containment.

In the Barsebäck 1, BWR, PSA special case of LOCA outside containment
was indentified. If a pipe rupture occurs on the residual heat remo-
val systems (Figure 9) suction side and the containment isolation
valves do not close all the water pumped to the reactor core will
come out in the reactor building. The upgrading is made by installing
an extra motor operated valve inside the containment that could close
on demand.

FIG.9. Residual heat removal system.

Diesel Capacity
Sydkraft has studied the possibility of transferring the auxiliary
power supply for the auxiliary feed water system to gas turbine
back-up instead of diesel generator back-up supply. The diesel effect
is not sufficient to power both the auxiliary feed water system and
the emergency cooling system. Sydkraft, however, found that this
action would make the site less prepared for a loss of off-site power
event. It was an excellent example where the PSA showed the plant to
be two order of magnitude less safe given the design modification.
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Conclusions
Hopefully the above mentioned improvements show that PSA work is
useful and really can give plant improvements. Personally I take this
as a big success that systematic analysis do in fact increase the
safety and also prevent from decreasing the safety. The tools can be
developed further and simplified models should be used, but already
today we have a language to communicate with.
The next step is to utilize the results further. In Sweden a project
named SUPER-ASAR has just started. It aims at studing the
différencies between the existing PSA's and identify aeras for
further research.
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